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ABSTRACT
LIQUID CRYSTAL BLOCK OLIGOMERS
OF LINEAR AND STAR TOPOLOGY
FEBRUARY 1994
K. TROY MILLIKEN, B.S., THE PENNSYLVANIA STATE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor C. Peter Lillya
A series of thermotropic block oligomers of linear and star topologies were
synthesized and characterized. The synthesis involved attaching mesogenic
4-(4-butoxybenzoyloxy)benzoyl and 4-(4-butoxybenzoyloxy)benzoyloxy-4-benzoyl
groups to linear and star hydroxy terminated poly(butadienes) of low molecular weights
and low polydispersities. The effects of topology and weight percent hard segment on
melting temperatures, enthalpies of fusion, rheological behavior, and morphological
properties were studied. Most of these studies focused mainly on
4-(4-butoxybenzoyloxy)benzoyloxy-4-benzoyl-terminated poly(butadienes).
Techniques employed to study these properties included differential scanning
calorimetry, thermal gravimetric analysis, solid-state rheology, and X-ray diffraction.
Star-block oligomers, in general, displayed greater melting temperatures and
enthalpies of fusion than their linear analogs. The highest Tm and AHm were observed
for the materials of highest weight percent hard segment. In a crystallization study,
melting temperatures increased with increasing crystallization temperature. Stars
crystalhzed more efficiently than their linear analogs. Thermal stability of all
compounds synthesized proved greatest for 2-ring end-capped block oligomers and the
pentad copolymer. Superior rheological properties were observed, in general, for the
ix
stars by solid-state rheometry. From WAXD, linear and star block oligomers showed
similar crystalline structures in the microdomains. Microdomain size was obtained by
SAXD for linear and star block oligomers of highest hard-block coniint. Evidence of
more defined phase separation was observed for the linear topology.
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CHAPTER I
INTRODUCTION
A. Thermoplastic ElastninpTs
Thermoplastic elastomers(TPE's) were introduced in the early 1960's as resilient
materials exhibiting properties of both a reprocessable thermoplastic and a rubber.^
These materials sought to address the problems associated with individual
thermoplastics and rubbers by combining their properties into one material. They have
provided fruitful results as seen in their physical properties and processing
characteristics.^'^
Polymeric materials can be catagorized as either thermoset or thermoplastic and
further subdivided as either hard, flexible, or rubbery. Thus, six classes of materials
result: (l)thermosetting and hard; (2)thermosetting and flexible; (3)thermosetting and
rubbery; (4)thermoplastic and hard; (5)thermoplastic and flexible; (6)thermoplastic and
rubbery. ^ The first three materials are classified as chemically-vulcanized polymers.
The extent of their hardness depends on the chemical structure of the polymers being
crosslinked. In each of these three cases is associated a degradation problem upon
heating to reprocess. The polymer chains are crosslinked via primary and secondary
bonding. The secondary, physical bonds are overcome by heating, but the primary,
covalent bonds are not. As heating is continued, the covalent bonds will eventually
break, form radicals, and the rubber will degrade. Thus, covalently crosslinked
polymers are not thermally reprocesssable and fall into the category of therm osets.
Categories 4 and 5 are reprocessable, but lack much rubbery properties and tend to be
brittle. The sixth class of materials, known as TPE's, seek to address the above
problems.
To combine the properties of a thermoplastic and a rubber, a network of flexible
polymer chains held together by crosslinks must form. However, the crosslinks must
have the ability to be broken and reformed. Techniques applied to reversibility of
1
covalent crosslinks have been reported by means of mild reducing conditions 3-8
photoylsis 9-13 ^nd thermally reversable Diels-Alder reactions. ^ 4,1 5 ip ^^^^^ ^^^^^^
photocrosslinking has been combined with thermal reversal J^'^^
However, the crosslinking afforded by TPE's is not covalent in nature. Instead,
TPE's provide an elastic network with crosslinking provided solely by secondary
forces. Thus, reversabile crosslinking is acheived via thermal means. These virtual
crosslinks are acheived by modifying the chemical structure of the polymer.
Copolymers are made to serve this purpose. They consist of rigid, hard segments
attached to soft, flexible segments. The hard segments(hard blocks) are polymers with
high Tg and/or Tm, whereas the soft segment has an associated low Tg and is generally
amorphous. These hard segments and soft segments are incompatible. This
incompatibility will tend to cause the copolymer system to be microphase separated in
the bulk state. 1 8'^^ The hard bl(x:ks will phase segregate to form glassy or
semicrystalline domains while the soft segments will serve as the matrix for the hard
domains. Thus, the Tg, Tm of the hard segment serves as the upper-use temperature
for the TPE(virtual crosslinks melt) and the Tg of soft segment serves as the lower-use
temperature(flexible segment becomes stifO-
To be used as TPE's, block copolymers must possess a triblock(ABA)(eg. styrene-
butadiene-styrene)^^ or a segmented(BA)n(eg. segmented polyurethanes)^^"^^
architecture. Figures 1 and 2 illustrate. Figure 1 shows the hard blocks must be
situated on the ends of the soft segment of the triblock(l) or must alternate with soft
blocks within the polymer chain(2); otherwise, an elastomeric network will not be
acheived as only dangling flexible ends will be associated with its structure as shown in
Figure 2.
Conventional rubber elasticity treatment^^ can not be applied to TPE's due to chain
entanglements and the filler effect of hard domains. Chain entanglements between
polymer chains exist above a critical molecuhir weight(Mc). Chain entanglements can
ABA Triblock
Morphology of 1
n
Segmented (BA)
Morphology of 2
Figure 1. Display of TPE network morphologies.
BA Diblock
Morphology of 3
Morphology of 4
Figure 2. Morphologies of BA and BAB
showing dangling ends.
slip if the elastomer is unvulcanized. However, for TPE's both ends of the elastomer
molecule are fixed to the hard block making it impossible for chain slippage; thus, the
entanglements will act as crosslinks. Modulus will be governed by crosslinks of hard
5domains and entanglements. Above Mc, entanglement crosslinks will be relatively
constant at any molecular weight. Therefore, in theory, elastic moduli should be
unaffected by molecular weight of soft segment at constant hard block content.
The filler effect of a crosslinked elastomer is that of increasing the modulus and
tensile strength of the elastomer. This is caused by the addition of fillers such as
carbon black. Krause^"^ has shown that microdomains consisting of polystyrene act as
reinforcing fillers for the polybutadiene rubbery phase. Swelling35 and tensile
strength^ measurements have demonstrated the utility of hard domains acting as filler in
the polystyrene/polybutadiene elastomer. A theory proposed by Bueche^^ to account
for tensile strength increase is that of energy transfer between elastomer and hard
domains. As the material is being stressed, elastomer chains rupture but energy of
rupture is absorbed by the hard domains to prevent propagation of chain rupture and
thus to total failure of the material. The underlying assumption of this theory is the
attachment of filler to elastomer. Since this assumption holds for block copolymers,
Bueche's theory has some validity for TPE's.
As mentioned earlier, the lower-use and upper-use temperature of TPE's are dictated
by the Tg of the soft segment and Tg/Tm of the hard segment respectively. Transition
temperatures exist for TPE's where the moduli and, therefore, the mechanical
properties decrease dramatically. The temperature at which TPE's undergo a transition
from their ordered, microphase separated state to their disordered state is known as the
microphase dissolution temperature. Conversely, the process of converting the TPE
from its disordered to ordered state is known as microphase structure evolution. Figure
3 pictures the ordering/disordering which occurs upon microphase
separauon/dissolution.37 The degree of crystallinity in the microphase separated state
is important in TPE's. It has been shown that slow cooling followed by annealing
from the disordered state to the ordered state increases the microdomain degree of
crystallinity, with a higher degree of phase separation resulting.38 Increasing the
6degree of crystallinity within the microdomains affects mechanical properties and
increases the upper-use temperature.38
Ordered State
A-domain
B-domain
DisorderH .^tntf^
Microphase
Dissolution
Microphase
Evolution
Figure 3. Schematic representation of the
order-disorder transition of A-B diblock copolymer
shown via molecular packing.
B. Molecular Topology
An important consideration in synthesizing polymers is their properties in the melt.
Melt-processing porperties of commercial polymers can be modified by changes in
molecular weight, molecular weight distribution, and molecular topology. Molecular
weight effects on melt viscosity are two-fold.^^'"^^ At low molecular weights,
viscosity depends linearly on the molecular weight(M); at high molecular weights,
viscosity depends on M^-"^. The transition where this shift between Newtonian and
power law behavior occurs is known as the previously mentioned critical molecular
weight(Mc). In the low molecular weight regime, polymers move independently, but
high molecular weight polymers are affected by entanglements.
A molecular weight distribution effect is observed in the relationship between
viscosty and shear rate.^^ Broadening the distribution at constant molecular weight
causes deviations in viscosity at low shear rates. In addition, a spreading of the
7transition from Newtonian to power law behavior occurs. Therefore, a distinct Mc can
no longer be found.
Topological effects on melt properties of polymers is of great importance. Variation
in molecular architecture has been shown to have a profound influence on melt
viscosity. The rest of this section deals with this influence in homopolymers and block
copolymers.
1. Homopolymers
A variety of topologies, acheived by molecular design of the chemist, are known
and have been rheologically tested. These topologies can be explained by variance in
branching. The simplest topology is the linear polymer which has few branches(<5), if
any. More complex topology are illustrated by star, H-shaped, and comb polymers.
These topologies are shown in Figure 4.
As previously stated, in melt rheology for linear polymers, viscosity is known to
vary with molecular weight linearly at low molecular weights and vary with
above a critical molecular weight where entanglements become a major influence.^^
This dependence of M^-^ at higher molecular weights is altered with branched
polymers.^3"'^^ For star molecules with same molecular weight as their linear
counterparts, the melt zero-shear viscosity is less at low molecular weight and greater in
the high molecular weight regime.^^''^^''^^''^^"^^ The more arms of star yielded
progressively lower viscosities than their linear counterparts of same molecular weight
below Mc.50 Behavior in the low molecular weight regime is in agreement with
Bueche's theory^l where the reduction occurs mainly because a branched molecule has
a lower radius of gyration in the melt than a linear molecule of same molecular weight.
Linear Polymer
Comb Polymer
8
4-Ami Star Polymer H-Polymer
Figure 4. Different homopolymer topologies.
A number of other studies are in support of his theory.52-56 However, opposing
behavior was observed for branched poly(vinyl acetate), though it was suspected that
9measurements were performed above Mc 57 Bueche's theory also fails at high
molecular weights due to chain entanglements, thus increasing the flow resistance at the
branch points.^^ Comb polymers displayed lower melt viscosities than linear polymers
of same molecular weight below Mc.58,59 Bueche's theory was again supported. The
exception was poly(vinyl acetate) of comb topology.60
H-polymers consist of two connected 3-arm stars. Another way to view these
molecules is as chains with a single, long crosslink. The melt zero-shear viscosity of
these polymers is similar to star- and comb-shaped polymers: lower viscosities than
unbranched, linear polymers of same molecular weight in the low molecular weight
regime and higher viscosities in the high molecular weight regime.^^'62
The viscosity enhancement(r) serves as a good parameter to contrast topological
effects on melt zero-shear viscosity.^^ In stars, T represents the time required for an
arm to rearrange its configuration. Berry and Fox showed F for stars depends
exponentially on the number of entanglements along the arms.39 The increase in F for
stars is mainly due to suppression of reptation by long side chains(high molecular
weight regime).'^^'^-^ For H-polymers, log F was observed to increase 2 times faster
and 2.8 times faster than for 4-arm and 3-arm stars respectively. Comb polymers
displayed a similar enhancement as H-polymers even though the number of
entanglements per branch was small(<5).^'^'^5 Furthermore, combs with larger
spacings between branch points exhibited greater enhancements in viscosity than combs
with less distance between branch points.^^
2. Block Copolymers
Block copolymers composed of hard and soft segments display much different melt
properties than homopolymers. The differences are mainly due to the multiphase
behavior of block copolymers. As mentioned in section A, the hard and soft blocks
which comprise copolymers are chemically dissimilar, and there is a great
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thermodynamic driving force to induce microphase separation. When the volume
percent of hard segments is less than volume percent of soft segments,the hard blocks
can form domains within a soft segment matrix. This two-phase domain structure, as
seen in the case for butadiene- styrene block copolymers, persists in the melt.66-68 j^e
result is a high viscosity and elasticity of block copolymers in the melt.
Rheological studies by Kraus et al.69 revealed melt viscosities of styrene-butadiene-
styrene block copolymers was greater than butadiene-styrene-butadiene block
copolymers. The principal factor governing viscoelastic behavior was the nature of the
terminal block and its length. In addition, it was shown that branching had minor
effects on viscoelasticity when the styrene-butadiene-styrene block copolymers were
compared at equal lengths of terminal block sequences.
Topological effects in block copolymers start to become more noticable when
discussing critical molecular weights for phase separation to occur. A number of
studies have shown that a minimum molecular weightClO^ g/mole) of polystyrene is
usually needed to form coherent domains.^'^^'^^'^O'^l Below this block size,
inefficient phase separation results. However, as shown by Fetters et al.,^^ stars with
polystyrene segments of lower molecular weight(8000-9000) could be used to attain
sufficient phase separation as seen experimentally by tensile tests. Therefore, radial
branches serve to somehow enable polystyrene segments to form domains, whereas the
linear topology is less prone to phase separate.
Other contrasting features of star block and triblock copolymer topologies include
domain size and high temperature performance. Domain size of styene-butadiene star
block copolymers, on average, is smaller than its triblock counterpart.^^'^^ The
increased strength of the star block is viewed as the result of the greater number of
domains. The star blocks also displayed a higher temperature performance over
triblocks.'72 This high temperature performance was observed in tensile strength and
modulus at high temperatures. In piuticular, the stars of higher arm number showed
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increasingly higher performance. Fetters' interpretation of arm number dependance
rested in the ability of a given star to become "lost" to the network of all polystyrene
segments. His assumption is that all the polystyrene segments will not become "lost at
a particular temperature, but will progressively become lost. This progressive losing of
polystyrene segments will extend the "final loss" temperature at which the network no
longer exists. Star blocks of lower arm number and triblocks will have lost this
network stability at lower tempertatures and therefore their performance. Thus, the
more segments a molecule has associated with domains, the greater the ability to
maintain an elastic network.
Topological effects in block copolymers on rheological behavior are expected to be
different than homopolymers. A two-phase domain behavior is known to exist in the
melt. Therefore, with the hard segment domains acting as crosslink points, the effect
of branching might be predicted to exceed that of a nonbranched copolymer. However,
this is not the case. It was found by Fetters et al.^^ that branching had no effect on
melt viscosity. This independence of branching was observed even up to 15 arms for
the star material. The only branching dependance was observed in comparing stars
with arms of different molecular weight. In this comparison, as molecular weight per
arm of star increased, the viscosity increased as well.
Thus, it may be concluded that star block copolymers are useful in that they provide
high strength and high molecular weights with low melt viscosities.
C. Low MoleculcU- Weight and Polvmeric Liquid Crystals
Both low molecular weight and polymeric materials exist that display a degree of
anisotropy in the melt or solution between the two phase poles of crystalline and
isotropic states. A material is said to be liquid crystalline if it exhibits this
phenomenon. Reinitzer'75 discovered liquid crystalline behavior in 1888 by studying
the melting behavior of chloesteryl benzoate. Lehmann used the term liquid crystal to
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describe the anisotropic liquid76 This over- 100-year old discovery has found its
usage in many areas; especially in that of liquid crystalline displays. The phenomenon
of liquid crystallinity was incorporated into polymers in 193777 The result of this
incorporation opened up a new area of polymer science. Low molecular weight liquid
crystals shall be discussed first to give a foundation to build upon for a formal
discussion of liquid crystalline polymers.
1. Low Molecular Weight Liquid Crystals
The unique state where liquid crystallinity is observed, sometimes referred to as the
fourth state of matter, is also termed the mesomorphic state or simply the mesophase.
Mesophases can be induced via by changing the concentration of a solute or by a
change in temperature. The former type of liquid crystals are termed lyotropic; the later
type, themiotropic. Lyotropic liquid crystals are generally made up of 2 or more
components.7^ An amphiphile is usually one of the components.^^ An example is
soap in water. Soap(dodecyl laurate) is an amphiphile consisting of a polar head with a
nonpolar tail. At certain concentrations in water the amphiphiles will orient; at other
concentrations they will disorder. Thus, the variation in water concentration will affect
the nature of the mesophase. Robinson^^ studied lyotropic behavior of poly-y-benzyl-
L-glutamate in a variety of organic solvents and noted a cholesteric mesophase
formation. Another example is Dupont's, high modulus Kevlar.^^ This aromatic
polyamide is spun from a lyotropic solution. The rest of the discussion of liquid
crystals, however, will be centered around those yielding a thermotropic mesophase.
Formation of most mesophases is due to intermolecular repulsions between rigid r(xl
molecules. A key parameter that affects mesophase formation is the axial ratio. This
ratio is defined as the length divided by the width of the molecule. Axial ratios greater
than 6.4 are needed for thermotropic systems.^ l'^'^
The eariiest classification scheme given for liquid crystals was by Friedel.^^ He
classified thermotropic liquid crystals made of rigid rod molecules into two types:
nematic and smectic. He also assigned subgroups to this calamatic classification.
Nematics were considered either twisted(cholosteric, eg. chloesteryl benzoate^^) or
non-twisted("nematic", eg. p-azoxyanisole^^), Many first order transitions were
associated with smectics(eg. ethyl p-azoxycinnamte^^). Sackmann et al.^^ assigned
capital letters to identify smectic subgroups A-G. de Vries et al.^^^ later added the H
subgroup. (Another class was later identified: discotics(disc-like mesogens, eg. hexa-
n-alkoxytruxenes^^l).) The classification scheme is pictured below in Figure 5.
Liquid Crystals
Nematic Smectic
twisted non-twisted
Figure 5. Liquid crystal classification scheme.
The basic difference between smectic and nematic mesophases lies in molecuUu"
organization. Figure 6 illustrates. The nematic mesophase is a mesophase which
displays orientational but no positional order. There is orientation of the long axis of
the molecules iiround a common director but with a random arrangement of centers of
gravity of the molecules. Orientational and positonal order are associated with the
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smectic mesophase. A lamellar arrangement of centers of gravity of the molecules is
associated with this mesophase. Thus, nematics displays one-dimensional order while
smectics displays two-dimensional order.
Low molecular weight compounds displaying these types of liquid crystallinity can
be viewed by polarizing optical microscopy. The birefringent textures one observes for
nematic and smectic mesophases differ.92 The classic appearance of the nematic
mesophase is that of a thread-like structure, often referred to as a Schlieren texture.
The smectic mesophase has a variety of associated textures. By sliding the cover slips
containg the liquid crystaUine material, the ease of movement also distingueishes the
two mesophases. The smectic mesophase will tend to be more viscous due to its higher
degree of order.
Nematic mesophase Smectic mesophase
I
liquid crystalline molecule
n = director
Figure 6. Idealized representation of nematic and
smectic mesophases.
Additional methods for distinguishing nematic and smectic mesophases include X-
ray diffraction and differential scanning calorimetry(DSC) studies. Both of these
methods reveal the higher degree of order for the smectic mesophase. X-ray diffraction
patterns for smectic mesophases show a diffuse outer ring corresponding to
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intermolecular spacings within the layers, and a sharp inner ring due to the interlayer
spacing.93 The nematic mesophase will diffract X-rays so as to only produce a diffuse
outer ring corresponding to its one-dimensional order 93 dSC studies show an
increased clearing entropy for the more ordered smectic mesophase.94 Both directional
and layered order is lost from the smectic state whereas only directional order is lost
from the nematic state on going to the isotropic state. Smectics also show lower
transition temperatures than nematics, again due to their higher degree of order.
The last fundamental feature of low molecular weight liquid crystals to be discussed
before venturing into the field of liquid crystalline polymers is the thermodynamic and
kinetic stability of the mesophase. The transiton in going from crystalline or isotropic
state to the liquid crystalline state can be observed by DSC either upon both heating and
cooling(enantiotropic) or solely upon supercooling from the isotropic liquid phase to
below the melting temperature(monotropic). A first order transition is observed in each
case. This interesting phenomenon is presented graphically in Figure 7. Figure 7a
shows the mesomorphic state with the lowest free energy above Tm with the
isomorphic state the lowest above Td. Thus, a transition to the mesophase can take
place after melting. In this enantiotropic case, upon cooling from the isotropic state, a
thermodynamically stable mesophase can result and proceed to crystallize without
difficulty. However, as Figure 7b reveals, associated with the monotropic mesophase
is the isotropic phase possessing the lowest free energy above the melting point. Thus,
no mesomorphic transition is observed in heating from crystalline phase to isotropic
phase. Upon cooling, nucleation takes place slowly enough to allow a mesophase to
form. That is, the ordering from the melt is unstable with respect to the crystal phase.
A kinetically stable mesophase will result due to the slow crystallization rate. When
crystallization occurs, the mesophase is transformed to the thermodynamically stable
crystal phase. Therefore, the metastable monotropic mesophase can form below the
melting temperature.
Figure 7a. Enantiotropic Mesophase
1
^
—
^cooling
1
! heating
\ I
Tm
T
Figure 7b. Monotropic Mesophase
Figure 7. Graphic representation of mesophase stability.
2. Polymeric Liquid Crystals
Liquid crystalline polymers(LCPs) are polymers with attached low molecular weight
liquid crystalline units.(An excellent reyiew has been giyen by Shibayey and Plate.^5)
As with low molecular weight liquid crystals, LCPs can be designated as either
lyotropic or thermotropic. Lyotropic LCPs(eg. Keylar) are rigid rod polymers with
liquid crystalline behayior obtained by concentration effects. Rigid-rod polymers
generally degrade before melting. Thus, they need to be modified for melting to take
place, and consequently, for any type of thermotropic behayior to be obtained. Melting
point depression of rigid-rod LCPs can usually be obtained by introducing a kink^^
pendant groups^^, or a flexible spacer^S that separates the rigid segments. The liquid
crystalline phase, in most cases, can then be obtained by heating the modified polymer
to the melt. These thermotropic materials will be the focus of the rest of this section.
The strategy of tailoring thermotropic LCPs inyoWes, as preyiously mentioned, the
connecting of mesogen to polymer. The polymer can be tagged with the mesogen as
either a pendant group or as part of the polymer backbone. When the mesogen seryes
as the pendant group, a side-chain liquid crytalline polymer results(SCLCP). Main-
chain liquid crystalline polymers(MCLCP) result from incorporation of the mesogen
into the polymer backbone.
The method of attachment of mesogen to polymer is important in mesophase
formation. The mesogen can be attached directly or indirectly to the polymer. Direct
attachment yields coupled motion of mesogen with the polymer. This will tend to make
a more rigid polymer with less freedom for mesogenic organization. Thus, a
decoupling of mesogen from the polymer backbone is needed for this freedom to result.
Decoupling can be achieyed by the addition of a flexible chain separating mesogen from
polymer. Figure 8 displays the modes of mesogen attachment for both SCLCPs and
MCLCPs. SCLCPs haye been highly researched,95,99 howeyer MCLCPs will be the
center of attention for the rest of the discussion on LCPs.
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One may expect that as the flexible spacer increases in length, a more nematic-like
mesophase should form. However, Lenz et al.98 have shown that the probability of
smectic mesophase formation increases with a longer flexible spacer A higher degree
of conflgurational mobility for mesogenic alignment is apparently the cause for this
smectic-like behavior. In addition, Lenz and coworkers discovered an interesting effect
of flexible spacer length on melting temperature.^^ in their study of semi-flexible main
chain liquid crystalline polyesters with a variety of mesogens, they found the melting
point decreased in a nonlineiir fashion with increasing length of the polymcthylene
group. The melting temperature was observed to be higher for polymers having an
even number of methylene groups, and lower with an odd number. This even-odd
effect was first observed by Roviello and Sirigu.^^^^
Thcmial behavior can also be controlled by the type of flexible spacer used.
Geometry, polarity, and polarizability changes can alter properties of LCPs. Both
Ringsdorf et al.^^ and Jo et al.^^^ studied the effects of siloxane spacers in MCLCPs.
Both observed substantial decresases of melting temperature compared to methylene
spacers of different degrees of polymerization. It was suspected that irregular
conformations of poly(dimethylsiloxane) backbone lead to disruption of chain packing
and interchain forces. In addition, both groups observed drastic increases in the
entropy of clearing with the intrcxluction of siloxane spacer. This effect demonstrates
the higher degree of order of the mesophase with a spacer that allow:; more
conformational freedom for mesogens.
Mesogenic structure also has effects on thermal behavior of MCFLPs. Rod-like
mesogens are those attached to the polymer chain to produce nematic and smectic
mesophases. Disc-shaped mesogenic groups with aromatic cores have been reported to
produce discotic liquid crystalline polymers. ^ ^2, 103 jn addition, Ringsdorf et al.^^^'^
mention possible uses of other mesogens such as pyramidal liquid crystals, phasmids,
and crown-ether-discotics.
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mesogen rigid-rod polymer
SCLCP
flexible
spacer
SCLCP
Mesogen motion coupled
to main chain motion.
Mesogen motion decoupled
from main chain morion.
MCLCP
Mesogen incorporated in
main chain to form a
rigid-rod polymer.
Semiflexible-MCLCP
Main chain mesogens separated
by flexible segments.
Figure 8. Modes of mesogenic attachment.
Liquid crystalline polymers are also similar to low molecular weight liquid crystals
in that they can exhibit enantiotropic and monotropic mesomorphism. The first
occurence of monotropism was observed by Roviello and Sirigu^^^ j^e thermal
characterization of poly[oxytetradecanedioyloxy- 1 ,4-phenylene-(2-methylvinylene)-
1 ,4-phenylene]. They studied the mesophase stability range of this polymer as a
function of increased flexible spacer length. They found the stability range decreased
with increased length of flexible spacer. This resuh should be intuitively expected. As
flexible spacer length increases one may expect increased difficulty in crystallization to
occur. This difficulty is increased with the spacer ends pinned to aromatic groups, thus
decreasing chain mobility. Therefore, an increasingly, kinetically more stable
mesophase should form upon cooling.
D. Research Goals
The thesis of my project deals with the intertwining of liquid crystallinity and
topological effects on thermoplastic elastomeric behavior. Thus, the introduction of
liquid crystalline thermoplastic elastomers(LCTPEs) of different topologies. My
research goals were multifaceted. The first sub-goal was the synthesis of hydroxy-
terminated poly(butadienes) of linear and star topologies. These were to serve as the
flexible spacer between mesogens(hard blocks). Once the mesogens of different
lengths were attached, physical characterization proceeded. The incorporation of a
mesophase to thermoplastic elastomers should serve as a higher degree of
crystallization of hard-block domains, thus increasing the upper-use temperature of
these materials. Physical crosslinks provided by the star topology should enhance the
physical properties. The effects of molecular weight/arm of poly(butadiene), topology,
and hard-block length on thermal behavior, liquid crystallinity, and rheology were
studied.
CHAPTER II
EXPERIMENTAL
A. Materials/F^iirifications
Initiittor Synthesis
6-Chl()r()hcxan()l was used as purchased from Aldrich Chemical Co. in 97% purity.
Sodium iodide and spectrograde acetone were obtained from Fisher Scientific Co. and used
as purchased. Butyl vinyl ether was purchased from Aldrich Chemical Co. and used in
98% purity. Dichloroacetic acid was used as purchased from Aldrich Chemical Co.
Diethyl ether, pentanc, and tclrahydiofuran were purchased from Fisher Scientific Co. The
ether was distilled directly from sodium/benzophenone and collected and stored over
Molecular Sieves of Type 3A, grade 564 and argon. Pentane was distilled from
phosphorus pentoxide then subsequently distilled over lithium aluminum hydridc(LAH); it
was collected and stored over Molecular Sieves and argon. Tetrahydrofuran was stored
over Molecular Sieves for 1 week, distilled from sodium/benzophenone and collected and
stored over Molecular Sieves and tU"gon. Both ether and pentane were degassed by three
freeze-pump-thaw cycles. 4-Biphcnylmcthanol, purchased from Aldrich Chemical Co.,
was sublimed to give pure, white crystals with observed melting point of 99-l()l^C.
Polynierizalion and (^ouplinj;
Ilexane, purchased froin Fisher Scientific Co., was distilled from phosphorus
pentoxide and subsequently distilled over LAH and collected and stored over Molecular
Sieves and argon. Dry hexane was subjected to three freeze-pump thaw cycles. Butadiene
monomer, purchased from Aldrich Chemical Co., was condensed at -78^'C in a Schlenck.
tube. The condensed butadiene was dried by trap-to-trap distillation, then used
immediately. The coupling agents: chlorotrimethylsilane(98% purity), dichlorodimethyl
silane(99% purity), and tetrachlorosilane(99.99% purity) were obtained from Alrich
Chemical Co. and used as purchased. Spectrograde toluene was used as purchased frotn
Omni Chemical Co. in 99% purity.
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Hard Block Attachment
p-Hydroxybenzoic acid, 4-butoxybenzoyl chloride and benzyl chloride were
purchased from Aldrich Chemical Co. The acid was vacuum dried in a dessicator over
anhydrous CaS04 before use, while the acid chlorides were used as purchased. Thionyl
chloride was obtained form Aldrich Chemical Co. and distilled from approximately 5 mL
linseed oil and collected and stored over argon. A^,A^-Dimethylaminopyridine(DMAP)
was also obtained from Aldrich Chemical Co. and recrystallized from toluene. The
observed melting point of the recrystallized DMAP was 1 14-1 IS^C. Pyridine was
purchased from Fisher Scientific Co., distilled over calcium hydride and collected and
stored over Molecular Sieves and argon. 1,4-Dioxane was similarly purchased from
Fisher Scientific Co., but distilled over LAH. A 2M solution of oxalyl chloride in
methylene chloride was obtained from Aldrich Chemical Co. and used as purchased.
Also obtained from Aldrich Chemical Co. was 5% palladium on carbon. Purchased from
Midwest Grain Products Co. was absolute(200 prooO ethanol. Cyclohexene, purchased
from Aldrich Chemical Co., was distilled from calcium hydride. 1-Chloronaphthalene
was purchased from Aldrich Chemical Co. and stored over Molecular Sieves prior to use.
Deuterium gas was obtained from Matheson Gas Products and used as purchased.
B. Physical Measurements
Nuclear Magnetic Resonance
^H-NMR spectra were obtained using the Bruker XL-300 and XL-200 spectrometers.
Approximately 20-30 milligrams of sample was dissolved in 1 mL deuterated
chloroform(polymer and initiator samples) or d6-DMSO(acid samples) with
tetramethylsilane as internal standard.
Infrared Spectroscopy
Infrared spectra were recorded on a Perkin-Elmer model spectrophotometer. A few
milligrams of neat sample was placed between two NaCl salt plates. The IR run was
performed on the sample. Afterward, a thin film of polystyrene was used as an external
reference at 1601 cm"l.
Gel Permeation Chromatography
Number average and weight average molecular weights were determined using gel
permeation chromotography. The column used for separation was a Jordi GPC column
with pore size 10^ A. The column length and diameter were 50 cm and 10 mm
respectively. The injector port was model U6K by Water Associates. The detector was a
differential refractometer Series R-400 by Water Associates. Approximately 20-30
milligrams of sample was dissolved in one milliliter of filtered, degassed chloroform.
This solution was filtered through an Acrodisc LCI 3 teflon HPLC filter(0.2 |j,m pore
size) and subsequently injected into the GPC. A number of polybutadiene standards in
the range Mn= 41 1 to 6,400 were used to construct a calibration curve to correlate
retention volume with molecular weight.
Thermal Gravimetric Analysis
Thermal gravimetric analysis was performed using a Perkin-Elmer TGS-2 with a
thermal analysis data station (TADS). Approximately 5-10 milligrams of sample was
measured in the TGA pan. Runs were performed in both air and nitrogen atmosphere
with a heating rate of lO^C per minute.
Differential Scanning Calorimetry
Differential scanning calorimetry was performed using a Dupont DSC 10. Samples
were prepared by measuring 7-15 mg of sample in DSC pan, which was then topped with
a lid, and crimped. A reference pan was made by capping an empty pan with a lid and
crimping. Thermal measurements were performed under nitrogen with a heating and
cooling rate of lO^C per minute.
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Polarizing Optical Microscopy
Microscopic observations were made using a Leitz Laborlux POL 12 polarizing
optical microscope using a Leitz hot stage. Photographs were taken with the attached
camera and were made using Kodak Ektachrome ASA 160T film.
A few milligrams of sample was placed on a glass slide. A cover-slip was placed on
top of the sample. The sample was sheared with the cover slip until an appropriate
thickness was acheived so a sufficient amount of light could shine through the sample
when viewed under the polarizing optical microscope. The samples were heated above
their respective clearing temperatures and allowed to cool in their respective mesophase
temperature regime. Pictures were taken after the mesophase had formed.
Melt Rheology
Melt rheology was performed using a Rheometric Dynamic Spectrometer 7700 with
parallel plate geometry. The plate diameter was 25 mm.
Samples were placed on the bottom plate, heated above their respective Ti, and the
upper plate was lowered until the gap between the plates was 1 mm.
Molecular Modeling
Lengths of fully extended hard-blocks of minimized energy were calculated using the
programs CHARMm and QUANTA. These programs have been developed by
Molecular Simulations, Inc.
X-Ray Diffraction
X-ray diffraction was performed using a Statton camera with Cu Ka radiation with
wavelength 1.54 A.
X-ray diffraction samples were prepared by simply placing a thin film of the sample
directly in front of the X-ray beam. Wide angle and small angle diffractions were
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recorded by adjusting the distance between sample and film. Exposure times of 12 hours
were used for WAXD. Typical exposure times for SAXD were on the order of 30 hours.
The f^-spacings were calibrated by dusting the WAXD samples with CaCOs. The
known ^/-spacing for this external standard allowed the precise distance between sample
and film to be calculated. No external reference was used for SAXD. The length
between sample and film was measured by a ruler for SAXD samples.
C. Soft Segment Synthesis
1. Block Functionalized Initiator(BFD 106
a. 6-Iodo-l-hexanol
In a 1000 mL round-bottom flask equipped with magnetic stir bar, 132g(881 mmol)
sodium iodide was dissolved in 700 mL acetone. When the solution became
homogeneous, 100g(732 mmol) 6-chlorohexanol was added. The vessel was capped with
a reflux condenser, and the solution was heated at reflux for 2 days.
The yellow solution with white precipitate was cooled in an ice bath and
subsequently filtered. Acetone was removed by means of a rotary evaporator. The cherry
colored product was dissolved in methylene chloride and washed 3 times each with
water, sodium thiosulfate solution, and saturated sodium carbonate solution. Methylene
chloride was then evaporated under vacuum. The 6-iodohexanol was vacuum distilled
over Na2C03, bp. 93^0(0.005 torr), to give the pure, slightly yellow liquid in 90% yield.
IR(neat, NaCl plates) 3300 cm-l(broad OH). 1H-NMR(CDC13, 300 MHz) S(ppm), 1.1-
1.9(m, 8H, -CH2-), 2.68(s, IH, -OH), 3.18(t, /=6.9 Hz, 2H, -CH2I), 3.6(t, 7=6.3 Hz, 2H,
-CH2OH).
b. Ethyl 6-iodoacetaldehyde acetal
In a 500 mL round-bottom flask equipped with magnetic stir bar was made a
solution of 50g(219 mmol) 6-iodohexanol and 2.34 mL(28 mmol) dichloroacetic acid.
To the stirring solution, 43.3g(434 mmol) butyl vinyl ether was added very quickly by
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way of a dropping funnel. Any yellow color from the 6-iodohexanol disappeared. Upon
full addition, the exothermic reaction proceeded for 1 day at room temperature. After 24
hours, 100 mL ether was added to decrease the viscosity of the solution and 8-lOg
sodium carbonate was added to neutralize the acid. Stirring was continued for 2 days to
ensure neutralization.
Sodium carbonate was filtered from solution. Ethyl ether and excess butyl vinyl ether
were removed under reduced pressure. The iodoacetal was then vacuum distilled over
sodium carbonate, bp. 1 150C(0.005 torr), to obtain the clear liquid in yield of 75%. The
distillate was stored at -5^C over argon and sodium carbonate with the vessel wrapped in
aluminum foil. The compound was shown to degrade in these conditions after a period of
3 months. IR(neat) 1 100 cm-l(broad acetal C-O). 1H-NMR(CDC13, 300 MHz) 5(ppm),
0.91(t,7=10.8 Hz, 3H, CH3), 1.28(d,7=8.1 Hz, 3H, CH3), 1.3-1.9(m, 12H, -CH2-),
3.18(t, 7=10.8 Hz, 2H, -CH2I), 3.4(d oft, ygem=13.8 Hz, ./vic=6.6 Hz, 2H, -CH2O),
3.55(d of t,
./gem=13.8 Hz, 7vic=6.6 Hz, 2H, OCH2-), 4.67(q, 7=8.4 Hz, IH, OCHO).
2. Hydroxy-Terminated PolvCbutadiene'lfHTPB')
Synthesis of 1-, 2-, and 4-arm telechelic star polybutadiene involved anionic
polymerization of butadiene with blocked functionalized initiator(BFI) followed by
coupling of living butadienyllithiums using multifunctional silicon halide electrophiles.
The polymerization was carried out under argon in degassed, anhydrous hexane/ethyl
ether/pentane. A variety of molecular weights were synthesized. Experimental details
are reported below.
4-Arm Hydroxy-Terminated Polybutadiene with total Mn=1200 g/mol
a. Metal Halogen Exchange
i. Titration of r-Butvllithium In an oven-dried, argon-purged, magnetic stir bar-
equipped 25 mL Erlenmeyer flask 0.15g(0.81 mmol) 4-biphenylmeihanol was dissolved
in 10 mL dry THE. Approximately 5 mL r-butyllithium, approximately 1.7M in pentane,
was cannulated into an oven dried, argon purged graduated Schlenk tube. As the
4-
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biphenylmethanol solution was stirring, f-butyl lithium solution was cannulated dropwise
from the Schlenk tube into the Erlenmeyer. The endpoint was a reddish-orange color.
Metal-Halogen Exhanj/e Reaction Into an oven-dried, argon-purged, glass-covered
stir bar-equipped 1000 mL round-bottom flask was cannulated a 3:2 mixture of degassed
pentane and ether respectively. The total amount of pentane/ether was calculated to make
a 0. IM solution of the iodoacetal. The amount of iodo-acetal was dependent upon both
the amount and molecular weight of HTPB to be synthesized. Thus, to synthesize
25 g(462 mmol) of 1300 g/mole HTPB(xn=24),
^
^
mmol butadiene
^ 462 mmol
" mmol BFI mmol BFI
19.23 mmol(6.3 g) iodoacetal would be needed. Approximately 8.3 g iodoacetal was
weighed in an oven-dried, argon-purged 50 mL round-bottom flask. Degassing was
performed by bubbling argon through the iodoacetal for 15 minutes before cannulating to
the pentane/ether solution.
While under constant argon flow, the iodoacetal solution was cooled to -78^C. Tert-
butyllithium in pentane(1.85 X moles iodo-acetal) was then cannulated dropwise from an
oven-dried, argon-purged graduated cylinder held at O^C into the stirring iodoacetal
solution. This dropwise addition took place over 2 hours. The solution turned from
colorless to gray to red-yellow in color.
The BFI solution was transferred by cannulation to an oven dried, argon-purged,
glass-covered stir bar-equipped 500 mL round-bottom flask with side arm. The BFI was
concentrated by removing solvent at ambient temperature under vacuum. This procedure
was repeated until all the BFI was removed from the original vessel. The BFI solution
was concentrated to approximately 250 mL.
iii. Titration of BFI The procedure was the same as for the r-butyllithium titration
except 0.10g(0.5 mmol) 4-biphenylmethanol was used. As the BFI was added to the 4-
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biphcnylmcthanol solution, the color turned from colorless to yellow to colorless to brick
red(end point).
b. Butadiene Polymerization with BFI
Into an oven-dried, argon-purged, glass-covered stir bar-equipped lOOO niL round-
bottom flask with side-arm(with 14/20 joint) was cannulated, respectively, 50 niL dry
ether, the full amount of BFI needed, and enough dry hcxane to create a 15% butadiene
solution. The BFI solution was cooled to O^^C to minimize loss of butadiene monomer.
Dry butadiene was cannulated quickly into the stirring BFI solution. The anionic
polymerization was allowed to proceed for 1 day at ambient temperature.
c. Coupling of Living Poly(butadiene) Chains
i. Four-Ann Star Into an oven-dried, argon-purged graduated Schlenk tube was
cannulated tctrachlorosilane(0.25 X moles BFI plus 2% excess) . Dry, degassed hcxane
was added to the tctrachlorosilane to make a 10% solution. The stirring, living polymer
solution was cooled to 0^'C and 80% of the tctrachlorosilane solution was cannulated into
the polymerization vessel. After 1 day reaction time, the remaining 20% of coupling
.solution was cannulated slowly over the course of 12 hours. The coupling reaction
proceeded 2 extra days with the color turning progressively more gray-white.
The same number of molcs(as tctrachlorosilane) of mcthyllithium was cannulated into
the polymerization vessel to react with excess tctrachlorosilane for 2 hours. The solvent
was then evaporated, and the polymer was redissolved in 600 mL ether. The polymer
solution was washed 3 times with 200 mL water and dried over MgS04. Removal of
solvent yielded a light yellow, viscous acetal-blocked poly(butadiene). A sweet aroma
was associated with the polymer. The polymerization/coupling afforded a yield of 99%.
IR(neat) 1630 cm" kC=C of polymer backbone), 1 150-1050 cm"! (acetal C-0 stretch),
1000 cm-l(m, vinyl C-II bend), 970 cm-Um, mm Cn=CH C-H bend), 920 cm-l(s, vinyl
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C-H bend), 700 cm-l(w, broad cis CH=CH C-H bend). 1H-NMR(CDC13, 300 MHz)
5(ppm), 0.95(t, 7= 7.5 Hz, 3H, CH3-CH2-), l.l-1.65(m, 14H, aliphatic CH2), 2.05(b,
allylic H), 3.4(m, 2H, -OCH2-), 3.57(m, 2H, -CH2O-), 4.68(q, 7=5.4 Hz, IH,
-CH-CH3),
4.95(b, vinyl =CH2), 5.3-5.7(b, =CH-).
ii. Two-Arm StarCLinear HTPB') In an oven dried, argon purged graduated Schlenk
tube was made a 10% solution of dichlorodimethylsilane(0.5 X moles of living polymer
chains plus 2% excess) and dry hexane. The coupling procedure followed the 4-arm star.
The solvent was removed by means of rotary evaporation and work-up proceeded in
the same fashion as the 4-arm star with a yield of 99%. IR and ^H-NMR spectra were
the same as those observed for 4-arm star material, except for an additional ^H-NMR
peak present at -0.04 ppm(CH3-Si-CH3).
iii. One-Arm Star In an oven-dried, argon-purged graduated Schlenk tube was made
a 10% solution of chlorotrimethylsilane(twice the number of moles of living polymer
chains) in dry, degassed hexane. Coupling and work-up were carried out as described for
the synthesis of 4-arm star polymer to give a yield of 99%. IR and ^H-NMR spectra were
the same as those observed for 4-armed star polymer except for the presence of a peak at
-0.04 ppm(-Si(CH3)3).
General Procedure for Converting Acetal-Terminated PB to HTPB.
d. Acetal Hydrolysis to Yield HTPB
In a magnetic stir bar-equipped, 3-necked 500 mL round-bottom flask was dissolved
20g acetal-blocked polybutadiene in 300 mL toluene. Next, 75 mL water was added to
make a 75:25 biphasic mixture in toluene to water respectively. To the biphasic mixture
was added 1 mL dichloroacetic acid to catalyze hydroysis of the acetal linkage. One arm
of the vessel was equipped with an argon valve, another arm with a reflux condenser with
argon outlet, and the other arm was capped. The mixture was heated at reflux for 1 day
while argon bubbled through the solution.
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After the mixture was cooled to room temperature, the toluene layer was separated
from the water layer. Toluene was evaporated from the polymer. The polymer was
redissolved in 600 mL ether and subsequendy washed 3 times with 200 mL water and
dried over MgS04. Removal of ether under reduced pressure left the polymer as a clear,
viscous yellow oil(99% yield) which no longer exhibited the sweet acetal aroma. The
product was a clear, yellow viscous fluid. The hydrolysis reaction afforded a yield of
99%. IR(neat) 3300 cm-l(broad, OH). 1H-NMR(CDC13, 300 MHz) 6(ppm), 0.8-1.7(m,
lOH, aliphatic CH2), 1.8-2.4(broad, allylic CH2), 3.65(t, J= 6.9 Hz, 2H, CH2OH),
4.95(broad, vinyl =CH2), 5.3-5.7(broad, =CH-);
-0.04(-Si-CH3, 1- and 2-arm stars).
D. Hard-block Svnthesis/Attachment
1. Two-Rin^^ Butoxv acid. 4-(4-Butoxvbenzovloxv)benzoic acid
In an oven-dried, magnetic stir bar-equipped, argon-purged 1000 mL round-bottom
flask was dissolved 20 g(145 mmol) /7-hydroxybenzoic acid in 250 mL pyridine. The
round-bottom flask was capped with an oven-dried, argon-purged dropping funnel. The
system was purged with argon. Into the dropping funnel was cannulated 25 g(l 18 mmol)
4-butoxybenzoyl chloride. The reaction flask was cooled to O^C. Addition of the acid
chloride took place dropwise over the duration of 6 hours. This slow addition was
performed to keep 3-ring formation to a minimum. After complete addition, the reaction
mixture was stirred for an additional day. The mixture changed from clear to turbid.
The 2-ring acid was precipitated by pouring the mixture into 2000 mL distilled water.
The mixture was stirred for 1 hour. The 2-ring acid was then collected by filtration and
stirred in 10% HCl for 2 hours. The precipitate was again collected by filtration and was
subsequently washed with 1000 mL water. Washing with 95% ethanol followed. The
white, homogeneous 2-ring acid was vacuum dried at 50^0 over P2O5. lH-NMR(d6-
DMSO, 300 MHz) 5(ppm), 0.97(t, 7=7.2 Hz, 3H, CH3), 1.45(m, 2H, CH2-CH3), 1.75(m,
2H, -CH2-CH2-O), 4.1(t, 7=6.6 Hz, 2H, -CH2O), 7.17(d,7=7.8 Hz, 2H, ArH o butoxy
O), 7.4(d, 7=7.8 Hz, 2H, ArH o OOC), 8.05(d, .7=7.8 Hz, 2H, CH o COO), 8.1(d, 7=7.8
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Hz, 2H, ArH o COOH) 11.08(s, IH, COOH). Note: peaks at 7.54 ppm and 8.2 ppm
showed less than 1% of 3-ring impurity formed.
TLC(l:9MeOH:MeCl2), Rf^O.737.
2. One-Ring, benzvl-blocked acid. p-Benznv1nxvbenzoic acid
a. Benzyl /7-benzoyloxybenzoate
Into a 3000 mL round-bottom flask was dissolved 84 g(610 mmol) /?-hydroxybenzoic
acid in 750 mL 95% ethanol. To this solution was added 450 mL 3N NaOH. While
stirring, 147mL(1.28 mole) benzylchloride was added. The vessel was capped with a
reflux condenser. The mixture was refluxed 5-6 hours. The solution was allowed to cool
to room temperature overnight. The precipitate was filtered from solution and washed
with IL each of cold water and 95% ethanol. The white solid was recrystallized from
95% ethanol to afford white crystals in 36% yield with melting point \ \^^C{\\x}^'^
II5OC).
b. p-Benzoyloxybenzoic acid
Into a 3000 mL round-bottom flask was mixed 40 g(126 mmol) benzyl p-
benzoyloxybenzoate, 18 g(321 mmol) KOH, 2000 mL methanol, and 300 mL water. The
mixture was heated at reflux for 40 hours. After the mixture had cooled to room
temperature slowly, residual solid was removed by filtration. The clear filtrate was
acidified with 200-300 mL 15% HCl. The pH was monitored occasionally as addition
proceeded. The white precipitate was collected by filtration and washed with 10-15L
water to remove HCl. The p-benzoyloxybenzoic acid was recrystallized from 95%
ethanol to afford white crystals. The crystals were vacuum-dried at 90^0 overnight. The
deblocking reaction gave a yield of 95%. The observed melting point of the pure crystals
was 1920C(lit.l0'7 1880C). 1H-NMR(CDC13, 300MHz) 5(ppm), 5.2(s, 2H, benzyl CH2),
7.1(d, 7=9 Hz, 2H, m to COOH), 7.4(m, 5H, aromatic), 7.9(d, 7=8.4 Hz, 2H, o to COOH),
12.7(s, IH, COOH).
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4-(4-ButoxybenzoyIoxy)benzoyI-terininated 4-Armed HTPB Star, Mn(HTPB)=1200
g/mole totaI(ca. 300/arm)
3- Two-Ring acid chloride. 4-(4-Biitnxvhenzovloxv^hp.nzovl chloride.
Into an oven-dried, argon-purged, magnetic stir bar-equipped 250 mL round-bottom
flask was placed 1 .58 g of the dry 2-ring acid. (The mole-amount of acid to be used was
determined by mulnplying each arm of HTPB to be used by 1.5. In making 1 g 2-ring
end-capped 4-arm star with Mn(polybutadiene)=1200 g/mol, the number of moles of acid
to be used is 4 X 1.5 X (1 g HTPB/1200 g/mol) = 5 mmols acid.) The round-bottom flask
was capped with a reflux condenser. Approximately 40 mL thionyl chloride was
cannulated into the vessel via the condenser. The solution was heated at reflux under
argon until it turned clear. After cooling to room temperature, the condenser was
replaced with a T-joint. The vessel was purged with argon before the excess thionyl
chloride was removed under vacuum. The vessel was periodically warmed with hot
water to aid this removal. The resulting white acid chloride was kept under vacuum
overnight. lH-NMR(d6-DMSO, 300 MHz) 5(ppm) 1.0(t, 7=7.2 Hz, 3H, CH3), 1.57(m,
2H, CH2), 1.82(m 2H, CH2), 4.09(t, 7=6.6 Hz, 2H, CH2O), 6.9(d, 7=8.7 Hz, 2H, ArH o
OBu), 7.4(d, 7=7.8 Hz, 2H, ArH o OOC), 8.2(m, 4H, ArH o COO).
4. 4-f4-Butoxybenzovloxy)benzoyl-terminated HTPBStars.
Attachment of 2-ring End Group to HTPB
Attachment of two-ring end groups to HTPB was carried out under argon in
anhydrous dioxane using a 1.5-fold excess of 2-ring acid chloride in the presence of 5 eq.
pyridine and 0.3 eq. DMAP(based on acid chloride). The following procedure is typical.
One gram(0.83 mmol) 4-armed star HTPB, Mn(total)=1200g/mol, was weighed into
an oven-dried, argon-purged 100 mL round-bottom flask equipped with a magnetic stir
bar. The flask was capped with a rubber septum and purged with argon. Dry dioxane, 15
mL(15 mL/ Ig HTPB) was added via cannula to dissolve the HTPB.
33
A stock solution of DMAP(0.3 X mols acid chloride) and pyridine(5 X mols acid
chloride) was prepared in an oven-dried, argon-purged, stir bar-equipped 10 mL
graduated cylinder. Half of the stock solution was cannulated to the HTPB solution; the
other half to the acid chloride solution. The acid chloride solution became turbid
instantly and was heated to 60"C under constant argon flow with stirring. Approximately
10 mL of the HTPB solution was cannulated to the acid chloride solution. An aliquot of
the acid chloride solution was then withdrawn by syringe for IR analysis. Carbonyl
bands at 1725 cm'^ and 1710 cm'l revealed esterification taking place. The remaining
HTPB solution was cannulated into the reaction mixture in small aliquots periodically
over 2 additional days. After the reaction had proceeded two further days, observation by
IR revealed no OH band. A band at 1785 cm'^ confirmed the presence of excess acid
chloride. A .solution of 4 mL pyridine and 1 mL H2O was added to hydrolyze excess
acid chloride over a two day period.
The reaction mixture was poured into 400 mL H2O, and ether was added to serve as
the organic layer. The ether layer was washed 3 times with dilute HCl to remove excess
pyridine, 3 times with water, and 3 times with saturated aqueous Na2C03 to precipitate
the 2-ring acid resulting from hydrolyzed 2-ring acid chloride. The sodium salt
precipitate was removed by filtration. The organic layer was finally washed 3 times with
water. Saturated NaCl solution was added sparingly to reduce emulsification. After it
was washed with water 3 additional times, the ether layer was dried over MgS04 and
concentrated on a rotary evaporator to give the neat waxy-solid product. The reaction
afforded an 80% yield. IR(neat) 1730 cm-l(C=0), 1710 cm-l(C=0), 1630 cm-l(C=C in
polymer), 1600 cm" 1 (aromatic C=C), 990 cm" ^ (vinyl C-H bend), 970 cm-l(lniM
CH=CH), 910 cm- 1 (vinyl C-H bend). lH-NMR(CDCl3, 300 MHz) 5(ppm) 1.00(t, 7=7.2
Hz, 3H, CH3), 1.16(broad, CH2), 2.03(broad, allylic CH2), 4.06(t, .7=6.6 Hz, 2H, CH2O),
4.32(1, 7=6.0 Hz, 2H, CH2 a to ester O), 4.96(broad, vinyl =CH2), 5.34(broad, =CH-),
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6.97 (d, 7=8.7 Hz, 2H, ArH o to butoxy O), 7.28(m, /=7.8Hz, 2H, ArH o to OOC),
8.13(m, 4H, ArH o to ester COO).
5. 4-(4-ButOxvbenzovloxv^benzovloxv-4-ben7.nv1-terminated HTPR's
,
Multistep attachment of 3-Rin^> End Group to HTPR
To synthesize 3-ring end-capped HTPB, successive end-capping with p-
benzoxybenzoyl chloride and 4-(4-butoxybenzoyloxy)benzoyl chloride, with deblocking
in an intermediate step, was employed. The end-capping reactions were performed in the
manner described in section 4.
4-{4-Butoxybenzoyloxy)ben/oyIoxy-4-benzoyl-terminated 4-Arined HTPB Star,
Mn(HTFB)=1200 g/mol(ca. 300/arm)
a. p-Benzoxybenzoyl chloride
Into an oven-dried, argon-purged, magnetic stir bar-equipped 250 mL round-bottom
flask with side-arm was placed 2.54 g(0.103 mmol) dry /7-benzoxybenzoic acid. The
round-bottom flask was capped with a T-joint and purged with argon. While stirring, a
10 molar excess(40 mL) of 2M oxalyl chloride in methylene chloride was added via
cannulation. After the solution became clear, excess oxalyl chloride and methylene
chloride were evaporated under aspirator pressure. The resulting white residue was
recrystallized from dry Skelly C(dried over Molecular Sieves) to give pure white crystals
in 92% yield. lH-NMR(d6-DMSO, 300 MHz) 5(ppm) 5.1(s, 2H, benzyl CH2), 7.04(d,
2H, ArH o benzoxy O), 7.42(m, 5H, phenyl), 8.1(d, 2H, ArH o COCl).
b. Attachment ofp-Benzoxybenzoyl End Group to HTPB
Two grams(1.7 mmol) 4-armed star HTPB, Mn(total)=1200 g/mol,was weighed into an
oven-dried, argon-purged 100 mL round-bottom flask equipped with a magnetic stir bar. The
flask was cpped with a rubber septum and purged with argon. Dry dioxane, 30 mL(15 mL/g
HTPB) was added via cannula to dissolve the HTPB. Sixty-two mL dry dioxane was
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cannulated into the flask containing 2.54 g(10.3 mmols) p-benzoxybenzoyl chloride(from
section 5). After HTPB and acid chloride had been dissolved in dioxane in their respective
flasks, 2.1 mL of a stock solution of 0.38 g DMAP in 4.2 mL pyridine was added to each
flask. The acid chloride solution was heated to 60^0. Addition of HTPB solution and work-
up proceeded in the same manner as the 2-ring acid chloride procedure(section 4). The
reaction afforded a waxy solid with a yield of 95%. IR(neat) 1710 cm'^Cester carbonyl),
1630 cm-l(C=C of polymer backbone), 1600 cm" 1(C=C aromatic), 990 and 910 cm"! (vinyl
C-H bend), 970 cm-Htrans- CH=CH C-H bend). 1H-NMR(CDC13, 300 MHz) 6(ppm)
1.24(s, aliphatic CH2), 2.03(broad, allylic CH2), 4.27(t, J=6 Hz, 2H, CH2OOC), 4.95(b,
=CH2), 5.12(s, 2H, benzylic CH2) 5.3-5.75(b, -CH=), 6.98(d,y=8.4 Hz, 2H, ArH), 7.39(m.
5H, phenyl), 8.00(d, .7=8.4 Hz, 2H, ArH).
c. Deblocking Reaction, Hydrogenolysis of Terminal Benzyloxy Groups
Method a.
In a oven-dried, argon-purged, magnetic stir bar-equipped 250 mL round-bottom flask
was dissolved 3.5 g(1.62 mmol) benzyl blocked polymer(section 5b) in 100 mL dry
cyclohexene. Five mL absolute ethanol was added as a hydrogen source. Approximately
5-6 spatula tips of 5% palladium on activated carbon was added. The round-bottom flask
was capped with a reflux condenser, and the solution was heated at reflux for 1 day under
argon flow.
Into the black mixture was added 100 mL methylene chloride to deactivate the
catalyst. Catalyst removal was achieved via suction filtration through Celite 545. The
filtered solution was concentrated by means of a rotoevaporator to yield a viscous oil.
Method b.
An alternative procedure, which proved to be more efficient in deblocking and more
complete in hydrogenation, is the following. In a 3-necked, magnetic stir bar-equipped
500 mL round-bottom flask was dissolved 3.5 g(1.62 mmol)benzyl-blocked material in
300 mL dioxane. Four to five spatula tips of Pd/C was added. One neck was capped
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with hydrogen inlet, middle neck with reflux condenser, and the other neck with
hydrogen outlet. Stirring commenced with hydrogen gas bubbling through the solution
while it was heated at reflux. The deblocking reaction proceeded for 1 day, and work-up
was that described for method a above. The product was homogeneous by TLC.
TLC(3:2 hexane:acetone), Rf=0.52.
IR(neat) 3300 cm" 1 (broad, phenolic OH), 1710 cm-l(non H-bonded ester), 1675 cm'l
(H-bonded ester), 970cm- 1 (vw, trans-CU=CU, C-H bend). lH-NMR(CDCl3, 300 MHz)
5(ppm), 0.8(t, CH3 from hydrogenated vinyl group), 1.25(broad, CH2), 1.6(broad, CH)
1.95(broad, allylic CH2), 4.27(t, 7=6.6 Hz, 2H, CH2OOC), 5.36(broad), 6.84(d, 7=9 Hz,
2H, ArH o OH), 7.95(d, .7=9 Hz, 2H, ArH o C=0).
d. Three-Ring End-capped HTPB, 4-(4-Butoxybenzoyloxy)benzoyloxy-4-benzoyl
terminated HTPB's
Three-ring end-capped HTPB's were prepared from the phenol-terminated products of
the deblocking described in section 5c by aroylation with 1.5 equivalents of 2-ring acid
chloride, section 3, according to the method for aroylation of HTPB's described in section
4. The procedure described below is typical.
In an oven-dried, argon-purged, magnetic stir bar-equipped 250 mL round-bottom
flask with side-arm, 2-ring acid chloride was made according to the procedure in section
3. The procedure for end capping was further followed according to the procedure in
section 4. The HTPB was replaced with the phenolic 1-ring end capped poly(butadiene)
from section 5c. Aliquots of the reaction mixture were taken periodically for IR analysis.
Completion of the esterfication was observed by the disappearance of the phenolic OH
band combined with persistance of a band for residual acid chloride at 1780 cm-^ . Work-
up of the product proceeded in the same manner as in section 4. The resulting products
varied in physical appearance with molecular weight. Lower poly(butadiene) molecular
weights yielded a more solid-like materials than higher molecular weight materials. A
typical yield was 86%. IR(neat) 1740 cm'^ (s, aliphatic ester), 1730 cm-l(m, aromatic
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ester), 1720 cm" ^(m, aromatic ester) 16(X)cm-^ (aromatic). ^II NMR(CDCl3, 300 MI Iz)
5(ppm), 1.0(t, y=7.5 Hz, 3H, CH3), 1.24(broad, aliphatic CH2),1.6(braod, CH),
1 .97(broad, allylic CI I2), 4.06(t, 7=6.6 I Iz, 2H, CH2-O), 4.33(t. 7=7.5 Hz, 2H, CH2 a to
ester O), 4.93(broad, vinyl =CI I2), 5.37(broad.
-CH=), 6.99(d, 7=9.0 Hz, 2H, ArH o to
butoxy), 7.3(d, 7=8.4 I Iz, 41 1, Arl I o to ester O on 2 inner rings), 7.4(d, 7=9.0 I Iz, 21 1,
Arl I o C=0 on outer ring), 8. 1 5(m, 2H, ArH o to C=0 on inner ring), 8.3(m, 7=9.3 Hz,
2H, Arl I o to C=0 on middle ring),
E. Block Oligomer Characterization Summary
Table 1 summarizes the compounds made with their corresponding hard-block
lengths, molecular weights of soft .segment/arm, thermal data, and physical appearances.
The molecular weights/arm of soft segment were calculated by both GPC and ^H-
NMR (end group analysis). Polydispersities listed show low values as characteristic of
anionic polymerizations.
I-. Nomenclature
The end-capped poly(butadienes) were named according to the convention: XRAMn.
X corresponds to the length of hard-bl()ck(2- or 3-rings); A will be designated as S, L, or
D to represent a 4-, 2-, or 1-ann star; Mn represents the total molecular of soft segment
involved. For example, 3RL680 represents a 3-ring 2-arm star with soft segment
molecular weight 680 g/mole.
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G. Pentad Copolymer
1- Tereohthalvl /?f\v-4-oxvhenzoic chloride. 3-Rin^ diacid chloride
Into an oven-dried, magnetic stir bar-equipped, argon-purged 250 mL Erlenmeyer flask
was added terephthalyl /?/\-4-oxybenzoic acidJOS jhe Erlenmeyer flask was capped with
a septum-capped condenser. Reflux followed for 3 hours with argon flow. The solution
turned from milky-white to clear during reflux. The solution was cooled to room
temperature. White crystals precipitated from solution and were washed with dry(by
Molecular Sieves), chilled chloroform. The crystals were dried in a dessicator over
anhydrous CaS04 under vacuum.
2. Phenoxv End-capped Poly(butadiene^
Four grams(2.86 mmol) 2-armed star HTPB, Mn(total)=1400 g/mol was end-capped
according to procedure in section 5b and deblocked(section 5c) to yield the phenoxy end-
capped poly(butadiene).
3. Copolymerization
Into an oven-dried, argon-purged, 3-necked 100 mL round-bottom flask was weighed
0.8 g(0.478 mmol) phenoxy end-capped polymer. 0.218 g(0.49 mmol) Acid chloride was
added and the system was flushed with argon. Approximately 5 mL
l-chloronaphthalene(previously dried over Molecular Sieves) was added, and the middle
neck of the round-bottom flask was capped with a mechanical stirrer. Further flushing
with argon proceeded. The vessel was placed into a previously heated( 1 80^C) sandbath,
and stirring was commenced. Argon flow continued. Stirring continued at \ ^(PC for 5-6
hours. The reaction vessel was then cooled to room temperature.
Work-up proceeded by dissolving the pentad copolymer in 10-20 mL CHCI3. This
polymer solution was poured into a beaker containing 4(X) mL of stirring, chilled methanol.
The copolymer precipitated immediately as a white powder. The powder was collected by
40
filtration and was washed with methanol. The copolymer was reprecipitated twice with a
fmal yield of 99%. IR(film from CHCI3) 2170 cm-l(C-D stretch for deuterated polymer),
1730 cm-l(C=0), 1600 cm-l(Ar C=C). 1H-NMR(CDC13, 200 MHz) d(ppm),
-0.06(s,
Si(CH3)2), 0.8(t, y=6.5 Hz, -CH2CH3 pendant group), 1.25(broad, aliphatic
-CH2-),
4.35(t, y=6.5 Hz, 2H, CH2-OOC), 7.38(d, 7=8.4 Hz, 4H, ArH o to ester O on outer
rings), 7.49(d, 7=8.4 Hz, 4H, ArH o ester O on penultimate rings), 8.19(d, 7=8.4 Hz,
4H, ArH o C=0 on outer rings), 8.32(d, 7=9.2 Hz, 4H, ArH o C=0 on penultimate
rings), 8.37(d, 7=2.6 Hz, 4H, ArH o C=0 on middle ring).
H. Storage and HandHng of Samples
All samples were stored under argon after their syntheses. The non-hydrogenated
oligomers would be especially sensitive to autooxidation. The hydrogenated, 3-ring end-
capped and pentad samples would be less prone to autooxidation. All sample were
protected from light as well.
CHAPTER III
RESULTS AND DISCUSSION
A. Synthesis
1. Structural Characterization
The scheme for HTPB synthesis and subsequent hard-block attachment is outlined on
pages 45-48. The corresponding Ill-NMR and IR spectra for the synthesized compounds
are shown in Appendices A and B respectively.
After convening 6-chIoro-l-hexanol to 6-iodo-l-hexanol(l)(step Al), 1 was converted
to ethyl 6-iod()hexyl acetaldehyde acetal(2) by the reaction of 1 with a mixture of
dichloroacetic acid and butyl vinyl cther(step A2). Spectral identification of 2 by ^H-NMR
showed peaks representing a chiral C-H and methylene protons adjacent to acetal
oxygens(Figure A. 2). The methine proton appeared at 4.67 ppm. The chirality of 2 made
each methylene proton nonequivalcnt rendering a pair of multiplets centered at 3.4 ppm and
3.55 ppm. Infrared spectroscopy(Figure B.2) showed the disappearance of OH stretch at
35(X) cm"^ and the appearance of the broad acetal stretch at 1 1(X) cm'^. Even with the
acetal stored under argon at -5^ C and protected by light, 2 was observed to degrade within
a three month time period; therefore, 2 had to be used within one to two months of its
synthesis.
Compound 2 served as precursor in making blocked functional initiator(BFI)(2). Ethyl
6-i(xlohexyl acetaldehyde was converted to ethyl 6-lithiohexyl acetaldehyde acetalQ) by
metal-halogen exchange reaction(step A3). Ethyl 6-lithiohexyl acetaldehyde acetal was
immediately used to polymerize butadiene to create the living polymer(4)(step Bl). The
living nature of the polymerization was evidenced by change of solution color from
coloriess to light yellow.
The living polymer chains were reacted with chlorotrimethylsilane,
dichlorodimethylsilane, and tetrachlorosilane to make 1-, 2-, and 4-arm acetal-temiinated
stars(5) respectively(step B2). The coupling reaction of a majority of 2- and
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4-arm stars yielded bimodal distributions as seen by GPC(Appendix C). These peaks
corresponded to coupled and uncoupled products. Fractionation of coupled and
uncoupled material was carried out by dissolving lOg polymer in 1000 mL benzene,
and while stirring, adding 2000 mL methanol. This mixture was poured into a
separatory funnel and the fluid-like polymer was drained from the bottom of the funnel.
Extraneous solvent was removed by means of a rotary evaporator. A 25% yield
resulted. This fractionation procedure was repeated for samples still not fully
fractionated. Another interesting aspect of some GPC traces(Appendix C) was a high
molecular weight shoulder observed with the coupled product peak. This could not be
adequately explained.
Hydrolysis of terminal acetals(step B.3) yielded hydroxy-terminated
polybutadienes(HTPB's) of differing topologies(^). A noticable viscosity increase was
observed upon hydrolysis. This result is intuitive as hydrogen bonding will be present
with HTPB's to some extent. A broad OH stretch in the infrared(Figure B.4) at 3300
cm'^ and disappearance of 1 1(X) cm'^ band for the acetal stretch was indicative of
hydrolysis. ^H-NMR spectrum-analysis served a two-fold purpose. First, it showed
HTPB had been made(Figure A.4). Second, number average molecular weights were
calculated by end-group analysis. These values were comparable with GPC
values as seen in Table 1
.
The HTPB's synthesized in step B were capped with 2- and 3-ring aryl ester hard-
block segments/mesogens. Two-ring aryl ester end-capping took place(step C.lb.) in
one step after acid chloride(2) was prepared(step C.la.). Infrared
spectroscopy(Figure B.5) shows the appearance of two carbonyl bands at 1725 cm'^
and 1710 cm"!. lH-NMR(Figure A.7) shows the absence of the methylene triplet at
3.65 ppm from HTPB and the appearance of methylenes alpha to the ester and ether at
4.32 ppm and 4.06 ppm respectively.
A 3-ring aryl ester could not be directly added to HTPB due to insolubility
problems, therefore end-capping proceeded in several steps(steps C.2.a-d). Hydroxy-
terminated poly(butadiene) was esterified with 2(step C.2.b.) to yield IQ.
Hydrogenation followed to deblock lQ(step C.2.c.) to yield the hydroxy-terminated
compound(ll). In addition, this reaction served to hydrogenate polybutadiene and
thus create a branched poly(ethylene-£Q-l-butene) soft segment. Deuterium gas was
also used instead of hydrogen in method 2 as described in the experimental
section(chapter 2). This yielded a 20-30% deuterated polybutadiene which could later
be used in neutron scattering experiments. Complete deblocking was evidenced by
^H-NMR and IR spectroscopy(Figures A.9 and B.7 respectively). Infrared
spectroscopy revealed the appearance of phenoxy OH stretch at 3300 cm"^ plus two
ester stretches at 1710 cm"^ and 1675 cm-^ corresponding to nonhydrogen bonded and
hydrogen bonded carbonyls respectively. The main observation in the ^H-NMR
spectrum was disappearance of the benzyl methylene peak at 5.1 ppm and the phenyl
multiplet at 7.3 ppm.
The final step in 3-ring addition was the addition of 2-ring aryl ester acid chlorided)
to the phenolic precursor(ll)(step C.2.d.). Figures A. 10 and B.8 show evidence for
the 3-ring end-capped HTPB.
All final 2- and 3-ring end-capped products were shown to be pure and structurally
correct by ^H-NMR and IR spectroscopy. However, there appeared to be low
molecular weight impurities as evidenced by GPC(Appendix C). These impurities
could not be removed (even by passing the impure material through a silica gel column)
or identified. The amount of impurity, invisible to ^H-NMR and IR, appeared to be on
the order of 5- 10% by GPC.
The final type of polymeric material made was a pentad copolymer. The synthetic
scheme is diagrammed in D. After the 3-ring diacid chloride(12) was made(step Dl),
polymerization with the phenolic prepolymer(ll, m=2) proceeded. Polymerization
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took place with both the hydrogenated and deuterated polybutadicne. This material was
the most solid-like of all materials made. Ul-NMR and IR spectra were in structural
agreement(Figures A. 11 and B.9).
2. Physical Characterization
A host of physical characterization studies were performed on 2- and 3-ring end-
capped HTPB's and the pentad copolymer. Techniques that served this purpose were
differential scanning calorimetry(DSC), polarizing optical microscopy(POM), thermal
gravimetric analysis(TGA), solid-state rheometry, and X-ray diffraction. These
investigations were intended to pursue effects of topology, molecular weight/arm, and
hard-block length on physical properties.
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Plan of Synthesis
A. Blocked Functional Initiator(BFI)
1. 6-iodoalcohol(D
OH + Nal -^cetone
A, 90%
2. ethyl 6-iodohexyl acetaldehyde acetal(2)
1 + = CloCHCOOH
^ - ^ ^
—
^—
^ i(CH2)60(j:ho(ch2)3CH3
CH
3. ethyl 6-lithiohexyl acetaldehyde acetalQ}
2 + t-BuLi pentane/ether ^ Li(CH2)60CHO(CH2)3CH3
-78 C
I
CH3
B. Hydroxy-Terminated Poly(butadiene)(HTPB)
1. Polymerization with BFIQ) to make living polymer(4)
CH.
Figure 9. Synthetic scheme.
continued next page
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2. Coupling to make 1-, 2-, or 4-arm star(5)
4 + (CH3)3SiCl
(CH3)2SiCl2
SiCi4
hexane
4.^(CH3)Si -K M-acetal
/ 'n
m
(m= 1,2,4)
3. Hydrolysis of terminal acetals
(Cl)2COOH, t()luene/H20
4-m(CH3)Si|{/ ^OH
n
m
(m= 1,2,4)
6 (HTPB)
C. Hard Block Addition to HTPB
1. 2-Ring
a. acid chloride
O o o oQll /=\ II SOC12CO^COH BuoQcoOcCl
b. esterification
6 + 2
1,4-dioxane
DMAP/Py, 6()"C
O
4-m(CH3) Si -
-(/=\)-(oCO- OBu
n — 2 m
(m= 1,2,4)
Figure 9 continued continued next page
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2. 3-Ring materials
a. benzyl blocked acid chloride
O
QcH^oQcOH
oo
II II
ClCCCl
o
CH2C12
i^CH^O^CCl
b. esterification
6 + ^
1,4-dioxane J/y=v \ II
DMAP/Py,60°C ' 4-m(CH3)Si4^ Y-OC^OBz '
O
m
(m=l,2,4)
c. deblocking of benzyl group
o. Pd/C
EtOH, A 4-m
(CH3)Sif(^
o
^OC^OH
(m=l,2,4)
11
d. 2-Ring acid chloride addition
u + z
1 ,4-dioxane
DMAP/Py, 60°C
O
" 4-m(CH3)Si ^ OBu
m
11 (m= 1,2,4)
* 80-90% hydrogenated
Figure 9 continued continued next page
3. Pentad Copolymer
a. 3-ring diacid chloride
o o o o
HolfyifScofScOH^\=/ \=/ \=/ reflux
b. Benzyl deblocking
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O O O O
'
-ClC^OC^CO^CCl
li
o
in^ ON D2orH2Pd/C J A-^n
reflux I ^
—
'
Si(CH2)2
14
c. Copolymerization
11 + 14
1 -chloronaphthalene 180"C
o o o o o
-
4oc^c<Q>oc^co^coQco(CH2)
li
Si(CH2)2
n
* 20-25% deuterated if D2(g) used,
60-80% hydrogenated if H2(g) used
Figure 9 continued.
continued next page
D. Model 2-ring compound
Figure 9 continued.
B. Physical Appearance & Thermal Behavior
1. Physical Appearance
The physical appearance of the synthesized materials varied from solid to waxy to
viscous liquid-like. The more solid-like properties were associated with the higher
weight fraction of hard block The higher the molecular weight the soft segment
incorporated into the molecule, the more liquid-like compound appeared to result.
Results are tabulated in Table 1.
Differences in physical properties associated with changing hard-block length within
the same topological family were evident. For the 4-, 2-, and 1-arm stars, the effect of
increasing hard-block length from 2 aryl rings to 3 aryl rings caused the material to
become more solid-like. The one anomaly was the 2-arm star with lowest molecular
weight/arm.
An effect of topology on physical properties was evident in the 3-ring series. Four-
arm stars were able to form stable films when cast from solution(methylene chloride).
The corresponding 2- and 1-arm stars did not form films.
The hydrogenated and non-hydrogenated materials were also stable to
autooxidation. After a year storage in either air or argon environment, no sign of
degradation was evidenced by either IR or IR-NMR spectroscopy or by physical
appearance.
2. Thermal Behavior
a. Thermal Gravimetric Analysis(TGA)
TGA results are hsted in Table 2 for each compound made except the 4-arm star
HTPB of total molecular weight 1200 g/mole. A general trend of the measured
decomposition temperatures(To) is plotted in Figure 10. Decomposition temperatures
were measured at 5% weight loss on the thermogram.
Table 2. Decomposition temperatures as measured by TGA.
Pol vmpr 1 vnA iVlll^^iUldl^ Ul rUljilIcI Td(5% wgt loss)(°C)^
3-Ring, 4-Ann Star 1 ^ f\f\1200 246
r- r\r\
2500 250
A C f\f\4500 267
3-Ring, 2-Arm Star 680 243
1 A f\(\1400 241
o 1 r\f\3100 216
3-Ring, 1-Arm Star 430 265
2-Rmg, 4-Arm Star 1200 360
2500 3o5
4dI)(J /IAO
2-Ring, 2-Arm Star 680 305
1400 350
3100 355
2-Ring, 1-Arm Star 430 261
4-Arm HTPB 2500 369
4500 385
2-Arm HTPB 680 257
1400 372
3100 356
1-Arm HTPB 430 300
Model 2-ring 0 252
Pentad Copolymer 400
a. Measurements performed in nitrogen atmosphere.
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The first observation which should be noted is the To difference between the model
2-ring compound and the 4- and 2-arm 2-ring end-capped polybutadienes. Attaching
the hard-block material soft segment raised the To above the To of the hard-block
itself. The effect on To of attaching the 1-arm star HTPB to 2-ring hard-block appears
to be minimal.
500
e
.S
B
400-
300"
200
2-ring
® 3-ring
A 4-arm HTPB
000
T " r
2000 3000
Mn of Star
4000 5000
Figure 10. Decomposition temperatures of 4-arm star
compounds with different hard-block lengths.
The effect of changing hard-block length on Td also is substantial. The 2-ring series of
2- and 4-arm stars displayed greater To s than their 3-ring end-capped analogs. It is
suspected that this result may be due to the extra ester site in the 3-ring serving as an
extra degradation site:
t
ff/=v
t
2-Ring
(2 degrad. sites)
3-Ring
(3 degrad. sites)
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For the 1-arm star, changing the hard-block length from 2 to 3 rings results in virtually
no change in Td.
The Td's of HTPB's of 4- and 2-arm stars were in general higher than the 3-ring
end-capped materials, but lower or comparable to the 2-ring end-capped materials. The
1-arm star HTPB was again the anomaly displaying a higher Td than when 2- or 3-ring
end-capped.
Finally, the pentad copolymer showed one of the highest Td's of all materials made.
Conclusions
1. Two-ring stars give higher Td's than 3-ring or unend-capped stars. The extra
degradation site from the 3-ring hard-block lowers Td below HTPB and 2-ring end-
capped HTPB.
2. Four-arm stars yield higher Td's than 2- and 1-arm stars. The increased number of
arm of the 4-arm materials presumably has an effect on thermal stability.
b. DSC and POM
All compounds were thermally analyzed by DSC, POM, and a Fischer-Johns melting
point apparatus. Differential scanning calorimetry measured melting transitions and
associated heats of fusion. All 3-ring end-capped polybutadienes showed reproducible
melting temperatures. Enthalpies of melting tended to decrease with an increase in the
number of heating scans. 2RS 1200, 2RS2500, 2RL680, and 2RD430 produced the
only reproducable results of the 2-ring end-capped polybutadienes. Sharp melting
transitions were only observed for 3RS1200, 2RS1200, and 2RL680; otherwise the
melting transitions(eg. Figure D.4) tended to be broad, sometimes covering a
temperature span of 10-200C(see Appendix D). Liquid crystalline clearing
temperatures(Ti) of all materials were broad with very low enthalpies.
Melting and clearing temperatures of all pertinent samples, as measured by DSC,
were confirmed by use ofPOM and Fischer-Johns melting apparatus. Above the
melting temperature(Tm), liquid crystalline textures were observed by POM with the
sample, at the same time, displaying nuidity. Above the liquid crystalline clearing
temperature, the materials were viewed as being dark, indicative of the samples'
isotropic state. The same results were obtained by the Fisher-Johns melting apparatus
except the use of unaided visual observation showed the materials to be cloudy between
Tm and Ti and clear above Ti.
Figures 11 and 12 display example polarizing optical micrographs of 3RS12()() and
3RD43() respectively. These two compounds displayed the most identifiable
mcsophases. The mesophase corresponding to 3RS120() was identified as smectic.
WAXwS of 3KS12()() in the mesophase yielded 2 sharp diffraction rings, which was
strong evidence of a smectic mesophase. iMgure 12 shows a typical thread-like
mesophase for 3RD430. This mesophase was identified as nematic.
Table 3 lists the melting and clearing temperatures and enthalpies of melting for first
heatings for all 3-ring compounds and 2-ring compounds of lowest molecular weight of
each topology. In addition, listed are Tm, T\, and A! Im of the 2-ring model compound
which was to similate a 2-ring hard-block segment. Also listed is the weight percent
soft segment associated with each compound. A discussion of the effect of weight
percent soft segment, topology, and hard-block length on Tm and Ti now follows.
Figure 11. Polarizing optical micrograph of 3RS1200 in
the mesophase.(Magnification=200X)
Figure 12. Polarizing optical micrograph of 3RD430 in
the mesophase.(Magnification=20()X)
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Table 3. DSC study of soft segment effects
on Tm, Ti, and AHm a
Mn/arm polymer wgt % soft segment 1 nn^ \^ ) Tire
)
All -- /I w / I \ hAHni(kJ/mol)^
3-rin 2
290 3RS1200 40 O / 1 1 n1 lU 9.75
640 3RS2400 Al /U 14.6
1300 3RS4500 79 /U 19.1
MO jrxL,v70W J J Tin 7.2
640 3RL1400 61 45 69 7.8
1 16S 3RI 3100 / o 1 1 yl11.4
430 3RD430 49 46 107 5.5
2-rinK
290 2RS12()0 49 35 69 10
340 2RL6K0 52 35 58 10
430 2RD43() 58 32 54 9
model
2-ring 0 75
mono-
tropic 1 25.2
a. Data are from first heatings. Storage time before first heating was approximately
2 weeks.
b. Fusion enthalpy in units of kJ per mole of "hard" terminal aryl ester blocks.
i. Weight Percent Soft Segment The transition temperatures Tm and Ti exhibit
monotonic, nonlinear decreases as percent soft segment increases(see Figures 13 and
14). An exception is that the increase of ca. 15% from 3RS2400 to 3RS4500 caused
no measurable change in Ti.
The 2-arm, 3-ring end-capped stars show a gradual decrease in Tm for the 3RL680
and 3RL1400 and then a sharp decrease in going to the 3RL3100 material. The
clearing temperature decrease is monotonic.
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Tm(3Rstar)
Tm(3Rlinear)
30
T ' 1 ' r
40 50 60 70
wgt % Soft segment
80
Figure 13. Tm as a function of % soft segment and topology
Ti(3Rstar)
Ti(3Rlinear)
30
T
• 1 ' 1 ' r
40 50 60 70
wgt % Soft segment
80
Figure 14. Ti as a function of % soft segment and topology,
ii. Hard Segment Length Changing the hard-block length from three to two
aromatic rings drastically alters the melting and clearing behavior. End capping the
three soft segment topologies of lowest molecular weight with 2-ring segments
produces melting temperatures comparable to one another. These melting temperatures
are much lower than their 3-ring end-capped counterparts. Further comparison of these
2-ring end-capped polymers with their 3-ring analogs shows the clearing temperatures
have decreased by over SO^C.
Table 3 also shows an interesting comparison of melting behavior between the
model 2-ring compound and 2-ring end-capped compounds. The melting temperatures
of 2RS 1200, 2RL680, and 2RD430 are approximately AO^C below that of the model
compound. In addition, as shown by AHm, crystallization ability of the hard-blocks is
diminished by attaching hard-block to soft segment. Using 25.2 kJ/mol as the
reference enthlpy of fusion(from the model compound) for hard-block crystallization
alone, the degrees of crystallization for the star, linear and diblock are respectively:
40%, 40%, and 36%. Furthermore, the model 2-ring desplayed monotropism while
the 2-ring and 3-ring materials were enantiotropic.
In making the above analysis, an assumption was made. At the melting temperature
for the end-capped polymers, a transition from the crystalline state to the mesophase
occurs. Whereas for the 2-ring model compound, a transition from crystal to
mesophase occurs at the melting temperature. The fusion enthalpy, as measured by
DSC, for the end-capped polymers was assumed to be the total fusion associated with
the hard-blocks as the enthalpy measured from the clearing endotherm was only 5%
that of the fusion enthalpy. Thus, the clearing enthalpy was considered insignificant in
obtaining an approximate degree of crystallization.
iii. Topology When variables like percent soft segment and hard segment length are
held constant, it is possible to test the effect of polymer topology on phase transition
temperatures. The 3-ring series exhibits a modest effect on Tm; two of the three
comparable pairs exhibit higher Tm values for 4-armed stars than for linear triblocks,
see Figure 13. In the 2-ring series, Tm appears insensitive to topology: star, linear
triblock, and diblock.
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iv- Pgnta(j BlQck CopQlymgr The pentad copolymer displayed the highest Tm of
I74OC. This high Tm value was to be expected due to a longer hard-block length.
Conclusions
1. Increasing weight percent soft segment causes Tm and Ti to decrease.
2. Decreasing hard segment length at constant soft segment length causes Tm and Ti to
decrease.
3. Topological effects are apparent. Four-arm stars yield higher Tm's than 2- or 1-arm
3-ring end-capped stars. Topology had little influence on Ti except when comparing
3RS45()0 and 3RL3100. The higher hard segment content of 3RS4500, 28% vs. 22%,
probably accounts for some of the 24^C Ti difference.
3. Crystallization Experiments
A series of supercooling experiments were performed on a selected number of
compounds. Each sample was held at approximately l(PC above Ti for five minutes,
then cooled to a temperature Tc, below Tm, and allowed to crystallize at Tc for two
hours. After these samples were quenched to subambient temperatures, heating scans
were conducted immediately at lO^C/min to assess the progress of crystallization. Data
are shown in Table 4. The fusion enthalpy was recorded in units of kJ per mole of
"hard" terminal aryl ester blocks.
In addition, a control experiment was performed on 3RS1200 to test the
"completeness" of crystaUization after at a Tc for 2 hours. In this control experiment,
the crystallization time was increased to 3 hours at a similar Tc used in the 2 hour
experiment with all other parameters being the same.
A general trend is observed in Tm and AHm for each compound subjected to the 2
hour crystallization experiment. With decreasing degrees of supercooling(Tm-Tc), Tm
is observed to increase(eg. Figure 15). However, contrary to what might be expected,
AHm decreases with decreasing Tm-Tc. Plots of AHm as a function of Tm-Tc are
shown in Figures 16-18. These plots give good comparisons of enthalpy values owing
Table 4. Effect of crystallization temperature on Tm and
AHm of hard-block.
1 o 1 y in c r
—
f1 c 1 m- 1 c Tm AHm(nB)(KJ/mol)
^2 I> C 1 ^ A AJ K J> I z (1
U
c c 15 70 8.1
J 1 13.7 10.1 7.1
An
1 1 .4 71.4 6.7
AO V.7 72.7 3.0
^ C ^ c AA
•3 K i> Z o UU 1 3.4 48.4 2.5
3 / 12.
o
49.6 2.0
40 1 1 .9 51.9 0.82
1 f> C /I C A A n 16.6 43.6 8.3
30 1 /4 O14.8 44.8 6.6
33 13.6 51.9 4.9
1 i> I /'OA
3J 16.6 51.6 2.2
37 1 /' 116.1 53.1 1.4
40 15.0 55 1.1
43 14.2 57.2 0.7
^ n r i /I A A3KL 1400 30 16.2 46.2 3.7
32 15.6 47.6 3.
1
3 J
ICO15.3 50.3 1.8
M< 1)4 JO 30 17.6 47.6 1 {\1 .9
32 16.7 48.7 1 .2
3j 1 A 114.
1
49.
1
0.9
7 O C 1 -1 A A ZZ 1 ^ 1 1 1 () 11 V/. /
25 10.5 35.5 6.5
27 9.6 36.6 9.1
2RL680 23 12.9 35.9 10.4
25 10.5 35.5 9.4
27 8.8 35.8 7.0
to similar thermal histories. Figure 16 shows the stars of lowest and highest Mn(soft
segment) yielding greater AHm than the intermediate Mn. From Figure 17, the 3-ring
end-capped star show much greater AHm than the linear triblock and diblock analogs.
However, with the 2-ring end-capped topology comparison, as seen in Table 4, similar
enthalpies are observed. Finally, the result of attaching a longer hard segment to the
HTPB is that of decreasing crystallization efficiency, as seen in Figure 18.
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Evidence of reversible thermal behavior and stability of samples under the
conditions of the crystallization study was observed for a sample of 3RL1400. After
melting and crystallizing the sample at several Tc's above room temperature, the sample
was allowed to cool from the melt to room temperature and remained at room
temperature for approximately 10 hours. Subsequent heating produced a lower Tm and
a greater AHm than previous thermograms obtained with higher Tc's used.
u
o
T
14 15 16 17
Tm-Tc(°C)
Figure 15. Tm as a function of degree of supercooling
for 3RL680.
o
S
B
X
<
3RS1200
A 3RS2500
• 3RS4500
Figure 16. Enthalpy of melting as a function of Tm-Tc for
the 3-ring end-capped 4-arm star series.
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n 3RS1200
A 3RI/)8()
• 3RD43{)
1 6 1 8
Tm-Tc(°C)
Figure 17, F^nthalpy of melting as a function of Tm-Tc for
3-ring cnd-caj)pcd materials of different topologies.
o
E
X
n 3RS1200
• 2RS12{)()
Fijiiire 18. Hnthalpy of melting as a function of Tm-Tc
showing hard-block length comparison.
This crystallization study did not afford limiting values of crystallization. Tabic 5
shows the results of extending the crystallization time to 3 hours for 3RS12()() using a
former Tc of 53"C. The Tm increased by 1.2"C and AHm increased another 3kJ/mol
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Table 5. Effect of annealing time on Tm and AHm for 3RS1200-
Annealing rime(hrt T£ jm AHm(HB')
2 55OC 700C 8.1kJ/mol
3 55OC 71.20c 11.2kJ/mol
Examination of the overall data leads to the following generalizations and
conclusions.
1. As crystallization temperature increases, maxima in the DSC melting endotherm
shift to slightly higher temperatures and a large percent decrease in AHm is observed.
2. In the 3-ring series, stars appear to crystallize more efficiently, as judged from AHm
values, than linear or diblock materials. The difference is most pronounced in the
three-ring series. The 3RS25(X) star sample is an exception; it resembles the linear and
diblock materials in its crystallization behavior. The two-ring materials 2RS1200 and
2RL680 both exhibit good crystallization efficiency.
3. By the fusion enthalpy criterion, the two-ring polymers of all topologies crystallize
more efficientiy than their three-ring analogs. The three-ring analog always exhibits the
higher melting temperature however.
4. Comparing enthalpies of melting from the crystallization experiment to enthalpies of
melting from first heatings(as shown in Table 3) shows lower extents of crystallization
of hard-blocks has occured for 2 hour annnealing times. Thus, long annealing
times(days) at high degrees of supercooling appears to effect much higher degrees of
crystallization than short annealing times(2 hours) at lower degrees of supercooling.
C. Rheology
All samples were tested for their rheological properties in the solid state.
Approximately one gram of sample was placed on the bottom plate of the rheometer.
The sample was heated above its respective clearing temperature under nitrogen. The
top plate was then lowered on the sample and twirled to make a homogeneous sample
thickness of one millimeter between the plates. Cooling sweeps were performed by
cooling the sample at a rate of LS^C per minute with the rheometer stressing the sample
at 1% strain at 10 radians/second. After the sample had sufficiently crystallized, a
heating sweep was performed by heating the sample at \ .5^C per minute. The same
strain percent and frequency were used as in the cooling sweep. Both heating and
cooling sweeps were performed under nitrogen atmosphere.
The following is a discussion of rheological results as obtained from heating scans.
The cooling scans, in general, provided similar plots with more distinct inflection
points at corresponding transition temperatures. The heating scans will be discussed
since DSC data recorded were from heating scans as well. Thus, a correlation between
rheology and DSC should be more exanct. The discussion entails the variables of
molecular weight/arm, topology, and hard-segment length on elastic moduli(elasticity
will be defined as when the storage modulus is comparable or greater than the loss
modulus) and complex viscosity.
In addition, sample stability was observed using four criteria: physical appearance,
DSC, IR and ^H-NMR spectroscopy. After the samples were tested rheologically,
there was no change in physical appearance. Infrared and IR-NMR spectra appeared
the same as before rheology. Transitions as measured by DSC were immutably
affected as well.
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1. Modulus-Temperature Swp.^.p
^
a. Mn/arm within the Same Topological Family
i- Two-arm, 3-ring gnd-capp^d ?>tnrs Appendix E displays rheological modulus-
temperature sweeps for the 2-arm, 3-ring end-capped star materials. 3RL680 shows
the loss modulus exceeding the storage modulus at all temperatures. In addition, no
inflection points in the curves corresponding to Tm and Ti from DSC are observed.
Thus, this compound shows no elastic behavior. This could possibly be attributed to a
low amount of hard-blocks contributing to domain formation.
3RL1400 shows the storage modulus exceeding the loss modulus in the low
temperature regime. As the temperature is increased, the two superimpose between
6()^^C and 8(PC. In addition, an inflection point occurs near VO^^C which corresponds
to the clearing temperature from DSC. At temperatures above 8(PC, the loss modulus
exceeds the storage modulus. The superimposed moduli of approximately lO'^ Pascals
in the mcsophase could possibly be attributed to hard-bl(x;k domains existing above
Tm. Thus, even above the mesophase range, as additionally seen by DSC, elastic
behavior is observed before the hard-block domains entirely melt after 8(PC.
3RL3100 differs from the previous two triblocks in two ways. First, with the loss
modulus exceeding the storage modulus at all temperatures, the difference is not as
substantial as 3RL68(). Second, two inflection points appear. The one near 25^C
corresponds to the melting point, Tm=23^C by DSC, and the other near 4(PC
corresponds to the clearing temperature from DSC.
In comparing the 3 compounds, the one of intermediate molecular weight,
3RL140(), displays the highest degree of elastic behavior. 3RL310() displays a
somewhat better elastic behavior than 3RL68(). Thus, when the three plots are
superimposed, the order of elastic behavior based on modulus is 3RL1400 > 3RL31(K)
> 3RL680.
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Conclusions
1. Even though 3RL680 has the highest percentage of hard-block content, it exhibits
the lowest degree of elastic behavior of the three compounds.
2. There appears to be an optimum molecular weight of soft segment for greater
possible network formation ability as demonstrated with 3RL1400.
Four-arm. 3-rinii end-canped stars Modulus-temperature sweeps for the 4-arm,
3-ring end-capped stars are shown in Appendix E. In these heating sweeps it is the
sample of lowest molecular weight, 3RS1200, which displays the best elastic behavior.
A decrease in modulus of approximately four orders of magnitude occurs near 7(PC
corresponding to the melting point of the hard segment. A plateau extends for
approximately 2(PC, through the mesophase region, until the material becomes
isotropic and the loss modulus finally exceeds the storage modulus near 9(PC.
3RS250() shows some elastic behavior below the melting point of hard segment,
Tm=47^^C by DSC. A discontinuity at 47^^C corresponding to this Tm. A second
discontinuity is seen at 7(PC, corresponding to the clearing temperature from DSC.
3RS4500 shows elastic behavior beyond melting point of hard segment, Tm=40^C
by DSC. Not until the clearing temperature at 7()^C is there any substantial difference
between storage and loss moduli.
Conclusions
1 . 3RS 1 200, with the highest percentage hard-block content, yields the most
pronounced solid-liquid phase transition.
2. 3RS 1 2(X) has a stable network in the mesophase indicated by a modulus plateau
extending for 20()C at 10^ Pa.
3. 3RS1200 shows a sharp drop in moduli at Tm, whereas 3RS2500 and 3RS4500
show broad transitions. Broad melting transitions were also observed for 3RS2500
and 3RS4500. These broad transitions observed from rheology and DSC are perhaps
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indicative of more disperse domain sizes of hard-blocks associated with 3RS2500 and
3RS4500.
i"- Pgntad CQPPlymgr The modulus-temperature sweep for this material shows a
crossover of storage and loss modulus at the melting point of 1620C. There is a drop
in G' on the order of four decades at Tm. The storage modulus is below the loss
modulus in the melt. Since the torque dropped below a lower critical limit, the data was
not reliable in the melt regime.
b. Topology
Topological comparisons will be discussed on a similar molecular weight per arm
basis.
i. Three-rin[^ compounds of 1-. 2-. and 4-arm stars For the lowest molecular
weight comparison, 3RS12()() displays the highest elastic behavior. 3RD430 shows
relatively little elastic behavior. The loss modulus exceeds the storage modulus until
approximately 85^C where the twain meet. The two moduli are nearly superimposed
until the clearing temperature of lOV^C where the material becomes an isotropic liquid.
3RL680 and 3RD430 show similar rheological behavior other than this anomaly.
Comparison of the 2- and 4-arm stars of intermediate molecular weight(3RL1400
and 3RS25(X)) reveals interesting results. The 4-arm star shows a discontinuity in G'
at Tm indicating possible network disruption above Tm. The 2-arm star shows the
polymer entering the mesophase with no discontinuity in G'. Thus, at middle
molecuhir weights, an optimum seems to be reached in terms of elasticity with the 2-
arm stars, whereas the 4-arm star decreases in elastomeric behavior.
Another difference was spotted in topological variances in the high molecular weight
2- and 4-arm stars. They are similar in the fact that one major inflection point occurs.
However, they occur in different regions. The major drop in moduli for 3RS450()
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occurs near the clearing temperature of 700C. For 3RL3100, the inflection point takes
place near the melting temperature of 23^C.
Conclusions
1. 3RS12(X) yields elastic behavior, whereas 3RL680 and 3RD430 do not.
2. 3RL14(X) has a higher degree of elasticity in the melt than its 4-arm star of
comparable molecular weight per arm.
3. 3RL3100 completely loses elasticity after melting. 3RS4500 maintains elastic
behavior after melting perhaps as a results of the soft segment molecular weight being
near Mc(5(X)0 g/mol).
ii. Two-ring compounds of 2- and 4-arm topologies Both 2RS1200 and 2RL680
show a steep drop in moduli at their corresponding melting points of 35^C. The 4-arm
star material shows no elasticity in the melt. The 2-arm star, however, displays a
modulus plateau over a 1(PC region. Then the modulus proceeds to drop gradually in
the melt. Also, 2RL680 shows elastic behavior above the melting temperature with the
storage m(xlulus coinciding with the loss modulus.
2RS240() and 2RL140() show inflection points where G" starts to exceed G'. The
inflection point of the 2-arm star occurs at a lower temperature than the 4-arm star.
2RS4500 shows virtually no elastic behavior at any temperature. G' is also lower
than G". Thus, the material is behaving as a liquid. However, 2RL3100 shows elastic
behavior. G' and G" coincide throughout much of the temperature regime. The moduli
of 2RL3100 are greater than 2RS45(X) therefore showing the 2-arm star to have higher
modulus-performance-use temperatures.
Conclusions
In general, the linear materials have higher moduli and more pronounced elastic
properties than the star materials. This result is in contrast to the 3-ring materials,
where the star materials displayed higher moduli and more pronounced elastic
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properties than the Unear materials.
c. Hard-Block Length
^- Threg-ring v^, 2-ring, 4-c^rm <^t?^rs Lengthening the hard-block segment from two
to three rings has the effect of increasing the elastic behavior of each 4-arm star. This
effect is possibly due to a longer hard-block giving rise to larger, more stable hard
domains which give more resilient behavior to the material.
Thrgg-ring vg, 2-ring, 2-arm ?itar<i Changing hard-block length in 2-arm stars
causes a different change than that observed in the 4-arm star case. 2RL680 shows a
higher degree of elasticity than 3RL680. The storage modulus is below the loss
modulus at all temperatures for 3RL68(), whereas the two coincide with 2RL68() at all
temperatures. This could be a result of more efficient crystallization, as evidenced by
enthalpies of melting by DSC, for 2RL680.
The main difference between 2RL1400 and 3RL1400 lies in the shift in transition
temperatures, as also observed by DSC. 3R1400 shows the storage modulus
exceeding the loss modulus at higher temperatures than 2RL1400 Tnis result is
intuitive with a higher Tm associated with the longer hard-block.
3RL3100 and 2RL31(X) display similar behavior. A minor difference appears to
exist with 2RL3100 displaying slightly better elasticity with G* and G" coinciding.
There also appears to be a slight gap between G' and G" for 3RL3100.
Conclusions
1 . Three-ring 4-arm stars prove to have a higher degree of elastic behavior than 2-ring
4-arm stars below and above Tm.
2. Lengthening the hard-block from 2 to 3 rings in 2-arm stars does not cause the
expected increase in modulus and elastic behavior in every case.
2. Complex Viscositv-TemDeratiire Swp.^p^
The complex viscosity is defined as the ratio of the complex modulus to the
frequency of the measurement. Thus, there is a direct proportionality between complex
viscosity and modulus. The higher the complex viscosity, the greater the in-phase
viscosity will be, and therefore, a greater degree of elasticity. Complex viscosity
measurements consequently can be a check for modulus-temperature sweeps.
The purpose of these rheological measurements was to observe any possible
changes in melt viscosity due to change of variables in molecular weight and topology.
Data was obtained from corresponding modulus-temperature sweeps. The discussion
will be limited to the 3-ring end-capped materials as they displayed the most interesting
melt viscosities. Viscosities at temperatures above the melting temperature will be
discussed.
a. Molecular Weight Effects Within the Same Topological Family
i. Four-arm stars Figure F.l shows the complex viscosity comparison of the 3-
ring, 4-arm stars. 3RS1200 and 3RS2500 display a plateau after melting. These
plateaus correspond to regions where a mesophase exists in these samples. The highest
molecular weight(4500 g/mole) shows a steady decrease in viscosity as a function of
temperature, with no plateau. Above the clearing temperature for all 3 samples, an
additional drop in viscosity is observed.
3RS1200 and 3RS2500 form mesophases with substantial complex viscosities of
100 Pascals displayed over a 20^C regime. 3RS4500 does not display this behavior.
Instead, the viscosity is higher in the mesophase than 3RS1200 and 3RS2500 but
showing a continual decrease. This viscosity increase in the mesophase over the two
lower molecular weight samples may be due to a higher viscosity associated with the
increased molecular weight of soft segment. In addition, the viscosity of the gighest
molecular weight sample affords intermediate viscosities at all temperatures when
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compared with the lower molecular weight samples.
Conclusion
Viscosities on the order of lO^ Pascals are displayed for 3-ring 4-arm stars above Tm.
This behavior is in agreement with DSC and optical microscopy. Thus, for these star-
block oligomers, phase separation exists in the mesophase. This result is also in
agreement with modulus-temperature plots.
ii. Two-arm stars After melting, 3RL1400 maintains the highest viscosity in the
mesophase. A drop of 2 orders of magnitude from 105 to 103 Pascals is observed
between melting and clearing temperatures.
3RL680 shows the lowest viscosity after melting. There is little resistance to flow
above the melting temperature of hard domains.
3RL3100 shows a viscosity drop of 4 orders of magnitude between melting and
clearing temperatures. At every temperature the viscosity of this high molecular weight
sample is intermediate between thos of the other samples.
Conclusion
An optimum molecular weight of soft segment is affords a significant degree of
viscosity after Tm.
b. Topological Comparisons
Topological comparisons will be based on similar Mn/arm of stars.
i. 3RS1200 vs. 3RL680 The 4-arm star shows viscosities at higher temperatures,
but viscosities of the two samples are similar after melting(see Figure F.3). The 4-arm
star also shows an extended mesophase region between 70^C and lOO^C, which is in
agreement with G-T sweeps and DSC data. The 2-arm star shows a continuous
decrease in viscosity at all temperatures.
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3R$2gOO v^, 3RL1400 The 2-arm star displays a higher viscosity in the
mesophase than the 4-arm star(see Figure F.4). In addition, even though both exhibit
similar Ti's of 70^0 as evidenced by DSC, the 2-arm star continues to display greater
viscosities than the 4-arm star in the isotropic state.
iii- 3RS4500 vs. 3RL310Q The viscosities in the mesophase and meh are
similar(see Figure F.5). The higher molecular weight of soft segment of 3RS4500 may
be the reason the the shift in viscosity by an order of magnitude at all temperautres
above the melt over 3RL3100.
Conclusions
1
.
Higher viscosities at all temperatures are associated with 4-arm star topologies in
cases (a) and (c). The 4-arm stars show an extra ability to form a network to increase
the viscosity.
2. Higher viscosities at all temperatures exist for 3RL1400 over 3RS2500.
Possible optimum length of soft segment exists for 2-arm stars.
Overall Conclusions Combining DSC and Rheology Data
There seems to be a rough correlation of data between DSC and rheology for 3-ring
stars of 4- and 2-arm topologies. Based on cooperativity effects between hard-block
and soft segment, the following conclusions were drawn.
1 . With approximately 60% of each star molecule comprised of hard-block, the hard-
blocks of 3RS 1200 have the ability to crystallize with litde regard to soft segment, and
thus aggregate more efficiently. For 3RS2500, a coupling effect between hard and soft
segment possibly occurs. Thus, crystallizaton is more difficult and the hard-block
domains will not be as efficiently formed as 3RS1200. With the high molecular weight
soft segment in 3RS4500, hard-blocks will be decoupled from soft segment and thus
diminish cooperativity effects. However, the viscosity of the soft segment is increased.
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since near Mc(4200 g/mol), to make crystallization efficiency somewhere between
3RS1200 and 3RS2500. The moduli and viscosity are higher in the mesophase due to
the combined effect of entanglements and hard-block domains still intact.
2. The enthalpies of melting for 3-ring, 4-arm stars were all greater than their 2-arm
star counterparts. The 4-arm stars have a greater number of hard-blocks per unit
volume than the 2-arm star of similar Mn/arm. That is, more nucleation sites per
molecule exist for the 4-arm star. Thus, a more efficient nucleation and growth may be
taking place with the 4-arm stars.
3. 3RD430 was to be used as a control material to test network formation.
Theoretically, network formation is impossible for a diblock material. Thus,
rheological properties should be much different for the diblock than the star-block or
linear triblock materials. This was indeed the case for the 3-ring end-capped materials,
especially as seen in the modulus-temperature sweeps. Star-block and linear triblock
materials had the storage modulus exceeding or comparable to the loss modulus above
the clearing temperature. The only exception was 3RL680. The diblock material had
the loss modulus always exceeding the storage modulus. This evidence gives
supporting credence to network formation being the primary factor for superior
rheological properties being displayed, in general, by star-block and linear triblock
materials.
D. X-Rav Diffraction
1. Wide Angle X-Rav ScatteringCWAXS^
Three-ring end-capped stars of 4- and 2-arms were analyzed by WAXS. Results,
tabulated in Table 6 show similar fi-spacings between hard-segments of the block
oligomers. In particular, the ^^-spacing of 4.5 A is characteristic of aromatic ring
stacking.94 Figure 18 shows a WAXS diffraction pattern example for 3RS1200. The
sharpness of the rings is an indication of orderiy packing of the hard-blocks. These
results, coupled with DSC results, show there is crystallinity within the hard domains.
Table 6. WAXS data of 3-ring end-capped 4- and 2-arm stars
at room temperature.
a(3RS4500) </{3RL680) <f(3RL1400)
^ A Q k14.V A 14.7 A 14.9 A
10 4 A
6.3 A
4.4 A 4.5 A 4.5 A 4.5 A 4.5 A
4.1 A 4.1 A 4.2 A 4.1 A 4.1 A
3.6 A 3.7 A 3.8 A 3.7 A 3.7 A
2. Small Angle X-Rav ScatteringrSAXS^
a, 3RL680 and 3RS 1200
3RL680 and 3RS1200 were examined by SAXS. SAXS was used to observe
domain size formed by hard-block agrregation. As shown in Table 7, both materials
gave 5 diffraction rings representing differing ^/-spacings. The first two diffraction
rings appear to represent two different domain sizes, whereas the other diffration rings
appear to be orders of diffraction.
b. Pentad Block Copolymer
The pentad block copolymer was also examined by SAXS. Results are shown in
Table 7. The pentad copolymer apparently orders its hard-bl(x:k domains in such a
manner to yield only two diffraction planes, one being similar to the pentad hard-block
length.
In comparing the pentad results with results obtained by 3R1200 and 3RL680, a
possible conclusion can be drawn. The pentad gives fewer diffraction rings than the
other two materials.
A sample small angle X-ray diffraction pattern is shown in Figure 19 representing
3RL680. Two sharp inner rings are observed. 3RS1200 displayed diffuse diffraction
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rings. This result is perhaps an indication of more defined phase separation occuring
for the linear triblock over the star-block material.
From multiple diffraction rings produced by 3RL680 and 3RS1200, it appears that
the hard-block domains give rise to more planes of diffraction than the pentad
copolymer. Perhaps this is an indication of the restriction imposed on hard-block
movement for the pentad where the hard-block is tied at both ends to soft segment. The
2- and 4-arm star-blocks are more free to arrange their hard-blocks. Thus, the potential
for the hard-blocks to form domains positioned with a higher degree of order exists for
the star-blocks. More morphological studies must be performed to get additional
information of molecular ordering for more specific conclusions to be drawn.
Table 7. SAXS data showing domain spacings for the pentad
copolymer, 3RS1200, and 3RL680 at room temperature.
3-ring length pentad length ^(pentad) </(3RS1200) r/(3RL680)
28 A 35 A 62 A 68 A 69 A
39 A 43 A 47 A
32 A 34 A
14 A 25 A
iiA 14 A
Figure 20. SAXS pattern of 3RL680.
appendix a
1h-nmr spectra
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RHEOLOGY: MODULUS
-TEMPERATURE HEATING SWEEPS
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Figure E.l. Modulus-temperature heating sweep of 3RL680
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